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FOREWORD 
The work desqribed herein was done a t  the Parrna Technical 
Center ,  Union Carbide Corporation, Fue l  Cel l  Department, under 
NASA Contract  NAS 3-9430 with Mr .  W. A. Robertson, Space Power 
Systems Division, NASA-Lewis Research Center ,  as Pro jec t  Manager. 
ABSTRACT 
Resea r ch  h a s  been conducted over  a 22-month per iod  d i rec ted  toward 
pe r fo rmance  improvement  of thin e l e c t rodes  f o r  u s e  i n  c i rcula t ing e lec t ro ly te -  
type fue l  c e l l s  f o r  a e r o s p a c e  applicat ions.  This  r e p o r t  c o v e r s  the  e lec t rode  
improvement  p rog ram;  a s e p a r a t e  r e p o r t  NASA CR-72305 de sc r i be s  the r e su l t s  
of engineering ana lys i s  of the conceptual  fuel  c e l l  sy s t em.  P r o g r a m  goals w e r e  
a n  operating l i fe t ime of 3000 hou r s ,  with a n  in i t ia l  vol tage  above 0. 9 vol t  and a 
vol.tage degradat ion l e s s  th3n 40 mil l ivol ts  p e r  1000 hou r s ,  at a c u r r e n t  density 
of 200 ASF. 
Moderate ly  p r e s s u r i z e d  ce l l s  (30 ps ia)  have demons t ra ted  the feasibil i ty 
of meet ing the vol tage  goal  and vol tage  degradgtion r a t e  goal ,  with a longest  
operating l i fe t ime (within t he se  specif icat ions) of 2 ,450  hours .  
P r i nc ipa l  p rob lem a r e a s  w e r e  delaminat ion of ca thodes ,  which was  e l im-  
inated dur ing the  Cont rac t  effort ;  and weepqge of e lec t ro ly te  in to  the oxygen ga s  
pa s sages ,  which w a s  reduced but not  complete ly  e l iminated p r i o r  to  completion 
of the Contract .  
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SECTION I 
1 .0  SUMMARY 
A program of 22 months duration was conducted under Contract 
NAS3 - 9430 with the objective of developing high performance electrodes for 
circulating electrolyte,  Hz- O2 fuel cell  sys tems.  Various modifications of the 
basic Union Carbide thin or  fixed zone electrode and commercially available 
electrodes f rom other sources  were  evaluated during the course of the contract. 
Emphasis in the experimental work was placed upon testing cells with electrode 
active a r e a s  varying f rom 0. 125 ft2 to 1. 3 f t2  at  cur rent  densities f rom 100 to 
300 ASF and tempera tures  of 90 to 100°C. Most of the cel l  testing w ~ r k  was cen- 
te red  at  200 ASF. At this  t e s t  center ,  initial (Task  I)  program goals of. 1) 0.9 volt 
initial potential and 2) <20 mV decline in 500 hours were  established. The program 
goals were  later ref ined (Task  111) to  include a voltage decline of a )  <40 m ~ / 1 0 0 0  
hours o r  b) <8 mv/2OO hours  with a desired lifetime of 3000 hours.  
Cell t e s t s  a r e  summarized in Table I. This table does not include the 
SUMMARY OF CELL TESTS CONDUCTED ON CONTRACT NAS3-9430 
Current Density Preesure 
Item Cell Type No. of Cells  (ASF) (peia)  Purpoee 
A 118 ft2 3 1 100-200 15-30 Prel iminary Screening Tests  
35 2 00 15 Life Tes ts  
5 200, 30 Life Teate 
4 NASA Cycle 15 Life Testa 
1 NASA Cycle 30 Life Teets  
3 100 15 Li fe  T e s t s  
2 300 15 Life Teats 
3 200 15 T-3N Cathode Development 
1 100 15 T-3N Cathode Development 
3 2 00 15 Construction Tests  
Cl Flight-Size ( I .  3 ItZ) 2 200 1 5  Life Tes ts  
3 2 00 30 Life Teets  
H Special Celle 5 Varioue 15 Varioue 
numerous quick cell  t e s t s  (i. e . ,  2 cm2 or 0. 3 1  in2 active a r e a )  which were con- 
ducted a s  an adjunct to  electrode development and various problem solving studies.  
Essentially,  a l l  of the "life tes t"  ce l l s  were  either "hybrid" ce l l s  
using Union Carbide T-2 anodes (2. 5 mg/cm2 noble-metal catalyst)  and 
American Cyanamid LAB-40 cathodes (40 mg/cm2 Pt  catalyst) or  "LAB -40" 
cel ls  in which both electrodes were  identical. Various modifications of the 
wetproofed backing layer  on the LAB -40 electrodes were  evaluated in these 
tests .  Considering the 200-ASF life t e s t s  a s  a 45-cell  group (i. e . ,  I tems B 
and G, Table I), 17 ce l l s  m e t  the Task I Milestone No. 1, and 22 ce l l s  m e t  
Milestone No. 2. Both milestones were  simultaneously realized in 9 ce l l s ,  
In every c a s e  where cel l  operation was a t  30 psia, Milestone No. 1 was achieved, 
since increasing the p res su re  f rom 15 to 30 psia  resul ted in about a 30-mV 
performance improvement.  No cel ls  me t  the 3000-hour performance goal of 
Task 111. The bes t  demonstrated performance was with Cell No. A074 which 
achieved a lifetime of 2,450 hours,  based on the 40 mV/ 1000-hour voltage- 
decay cr i te r ion  (or  2 ,  100 hours,  based on the 8 m ~ / 2 0 0 - h o u r  cr i ter ion) .  
Two majo r  problems were  experienced in the testing program; 
viz.  : 1) delamination of the wetproofing layer  f r o m  the LAB-40 electrodes,  
and 2) weepage of electrolyte into the gas passages.  Near the end of the pro-  
gram,  the delamination problem was solved by modifications in  the chemistry 
and method of application of the LAB-40 backing layer  (the so-called C-I1 
modification). changes in cel l  construction, however, did not eliminate weep- 
age of electrolyte into the gas passages.  
It was generally impossible to establish whether the leakage was 
through electrode edge sea ls  o r  through the active a rea ,  per se .  However, 
electrolyte weepage t h r ~ u g h  the cathodes was  substantially grea ter  than through 
the anodes. Considering the same group of 200-ASF l i fe  tes t s  a s  above, the 
average leakage into the anode spaces was 0.  6 m l / h r .  ft2, while the average 
leakage into the cathode spaces was 6 m l / h r '  ftz. 
Limited work was done on the development of a high-platinum 
T-3N cathode which, because of i ts  s t ructure,  could be  operated a t  higher gas  
p res su res .  In quick-test  cel ls ,  cathode potentials equivalent to the LAB-40 
electrodes were  obtained (i. e. , +O. 0 10 to + O .  020 volt v s .  H ~ / H ~ o ) .  Although 
these bes t  e lectrodes were  not tested in l a rge r  cel ls ,  l imited testing of p r e -  
l iminary versions of the T-3N cathode showed v e r y  low weepage in  tes t s  of 
64 to 240 hours  duration. 
SECTION I1 
2.0 INTRODUCTION 
This is  the final report  on NASA Contract NAS3-9430 covering the 
period from June 30, 1966 to April 30, 1968, The basic purpose of this program 
was to improve the capabilities of the Unios Carbide thin, fixed - zone fuel cell 
electrodes bringing their electrochemical performance to the high levels r e - -  
q ~ i r e d  for various space missions. Implicit in the work was use of a low tern, 
perature circulating alkaline electrolyte and hydrogen and oxygen a s  fuel cell 
reactants, 
The program consisted of three tasks. Task I was primarily con- 
cerned with electrode development. The goal of Task I wae to dernosstrate in 
cell  tests  during operation a t  200 ASF that initial potentials of a t  least  0. 9 of a 
volt could be obtained and the potential after 500 hours of operation would be no 
l e ss  than 0. 88 volt. This involved testing of cells with 118 ft2 and>l  f t 2  of ac-  
tive area. The former were designated a s  "small" cells while the latter were 
termed "flight-size" cells, Eighteen test  stands were constructed to ca r ry  out 
this experimental work; seven of these were capable of operation at pressures 
of up to 3 atm while the balance were designed fo r  operation at 1 atm. 
Many of the cells tested during the Task I program ran well beyond 
500 hours with low voltage degradation rates. To provide consistency in testing, 
operation of the cells which exceeded the program milestones noted above was 
continued until the voltage decayed to 0. 78 volt a t  which point the testa were 
terminated. 
The objective of Task I1 was to conduct a preliminary system design 
of a 5 k W  hydrogen-oxygen fuel cell using the various system precepts which 
had been reduced to practice by Union Carbide including circulation of KOH, 
and recirculation of reactant gases for by-product water removal. Task I1 was 
completed and reported in a separate final report,  NASA CR-72305. 
In Task I11 the primary objective was to perform life tests  on elec, 
trodes selected as  a result  of the Task I evaluation studies. The target perfor- 
mance for Task I11 was to obtain 3000 hours life with continuous operation a t  
200 ASF. In the Task I11 work, end of life was defined a s  an average voltage 
decay of greater than 40 mv/1000 hours o r  greater than 8 mv  in any 200 hour 
period, As before, the initial voltage milestone was 0. 9 volt. Thus, a t  the 
end of l ife the target voltage would be 0. 78 volt minimum at  3000 hours. 
The Union Carbide thin, fixed-zone electrode as  i t  existed a t  the 
outset of this program had been optimized for commercial applications, Ty- 
pically, the thin electrode consists of a lightly catalyzed, active carbon layer 
which i s  backed by a highly wetproofed carbon layer;  and thig, in turn, i s  
supported on a thin, wetproofed porous nickel substrate. The porous nickel 
substrate provides mechanical sypport for the electrode, provides cur rent 
collection and also provides a diffusion path through which the reactant gases 
a r e  t ransfer red  to the electrochemical reaction zone. Because of the inherent 
electrocbemical activity of the activated carbon, only small  quantities of noble 
metal  catalyst a r e  r eqvired for reasonable electrode perforwance. Generally, 
the noble metal  content of Union Carbide Fuel Cell electrodes i s  less  than 
2. 5 mg/cm% Obviously, some performance is sacrificed in the interest of 
cost by drastically minimizing the noble metal- ont tent in the electrodes, 
Under Task I of this contract, one of the objectives was to determine 
ways to increase the catalyst loading of the thin electrodes in order  to achieve 
enhanced electrode performance. A second sub-task was to evaluate replace- 
ment of the porous nickel electrode backing aqd solid nickel current  collection, 
tabs with more  conductive materials  such as  silver. A third sub-task was to 
devise an all  noble rpetal electrode in which the carbon was essentially eliminated, 
while a fourth sub-task was to examine the problems of increasing the cell 
operating temperature from 60 to 65"C, typical of the thin electrode optimal 
performance level tg  90- 100" C. This change dictated a requirement for  im- 
proved cell construction m a t e r b l s  and also cathodes which were more  resis tant  
to oxidation than those containing highly active carbon, 
Early in the program work on sub-task I indicated that merely in- 
creasing the catalyst loading of standard fixed-zone cathodes was not a fruitful 
course of action. On the other hand, we found that the standard, commercial 
Union Carbide T-2 anode gave excellent performance when operated a t  90-100°C 
and current  densities of 200 ASF. We also found that the LAB-40':: electrode 
t: The LAB-40 electrode is  a modification to the well-developed AB-40 electrodes 
produced by American Cyanamid Company in which 40 rng/cmz of platinum a r e  
bonded to a gold plated nickel current  collection screen. The standard AB-40 
electrode is  then backed with a porous fluorocarbon layer which prevents flooding 
of the electrode. ., This modification was developed specifically for circulating 
electrolyte systems. 
4 
produced by the American Cyanamid Company gave comparable anode perform- 
ance under the same conditions. 
In view of these developments, the bulk of the attention toward im-  
proved electrodes was centered on the cathode. The m o s t  suitable cathode ma te r -  
ia l  found during the course of this program was the LAB -40 electrode. Many 
cel ls  using this cathode and either of the anodes noted above exceeded the Task I 
milestones,  While promising resu l t s  were  obtained with the Union Carbide T-3N 
cathode, this work was not c a r r i e d  to the s tate  where a final judgment could be 
made on this electrode concept. 
Approximately ninety 118 ftz, 0 .  325 ft2, and f l ight-s ize cells were  
operated during the course of this program, Most of the tes t s  were  conducted 
a t  a continuous load of 200 ASF. Limited testing was done a t  100 and 300 ASF 
and on a simulated NASA miss ion  profile. Some tes t s  were  run a t  2 atm p res -  
sure ,  although the bulk of the testing was a t  1 atm.  Individual performance 
curves on each of the cel ls  which had been completed in pr ior  reporting periods 
were  covered in the appropriate Semi-Annual Reports and, consequently, a r e  
not included in this Final  Report. However, in the Appendix to this report  a r e  
included those performance curves  for  a l l  cel ls  which were  completed since the 
las t  progress  report  was prepared.  
To establish the suitability of var ious mater ia l s  for  potential appli- 
cation a s  s t ruc tura l  members ,  s ea l s ,  e lastomers ,  and space r s  in ce l l s  operat-  
ing a t  90 to 100°C, compatibility tes t s  were  conducted by exposing selected i tems 
to 12 N KOH a t  100QC for  one week. Compatibility was a s sessed  by visual appear- 
ances,  weight change measurements  and, in some cases ,  by analysis of the KOH. 
SECTION I11 
3.0 FACTUAL DATA 
Electrode Studies 
At the outset of the program the, then available, standard commercial 
Union Carbide thin electrodes were designated a s  Type 2(T-2). These electrodes 
a r e  approximately 22 mi ls  thick and consist of a 0. 007" thick, wet proofed porous 
nickel backing to which is  applied f i r s t  a layer of inactive carbon (the so-called 
I'D" layer) ,  and then a layer of activated carbon. Typically, this active layer 
is  catalyzed with 1 to 2. 4 mg/cm2 of noble metals after electrode fabrication i s  
complete. 
These standard T- 2 electrodes were used as  a point of departure for 
the testing work. Initially, four modifications of the standard T-2 were examined 
as  cathodes in 118 f t 2  cells,  vis. : 
1. Standard T-2 (Cells A-001, 004, 009, 010) - 1 mg/cm2noble  
metal; 
2. Standard T- 2 except pre-catalyzed carbon (Cells A-005, 0 11, 
0 16) - 5 mg/cm2 noble metal; 
3. T- 2 with silver backing (Cells A-002, 003) - 8 mg/crn2 noble 
metal: 
4, T-2 with silver backing and pre-catalyzed carbon (A-024, 025) - 
10 rng /cm2 noble metal. 
Similarly, rnodificstions 1, 2 and 3 above were tested as  anodes. These early cell 
tests  established Chat the cathode potentials of all  modifications of the T-2 were 
unsatisfactory at 200 ASF whereas the anode potentials for the standard T-2 were 
excellent. 
Consequently, attention was directed to modifying for NASA applications 
new types of experimental cathodes which had been developed by Union Carbide 
also for possible commercial applications. These electrodes were designated 
Type 3 (T-3),  Type 4 (T-4),  and Type 5 (T-5).  In the T-3 electrode, the porous 
Ni layer is  fully wetting and faces the electrolyte. Active carbon and wetpr~ofed  
carbon layers  a r e  applied to the porous nickel facing. Since tbe porous nickel i s  
completely wet by the KQH, the T-3 electrode can operate a t  substantially higher 
gas pressures  than the T-2 before gas bubbles blow through the electrode into 
the electrolyte. The capillary forces of the KOH in the fine-pored nickel layer 
perwi t  the oxygen pressure  to be raised from 10-20" w. c. a s  in a T-2 electrode 
to-100" w. c, in a T-3. As a consequence, with the T-3 concept weepage of 
electrolyte into the gas s t ream i s  drastically curtailed. 
The T-4 electrode was considered but briefly in this program 
(Cells A-012, and 030), It i s  a two-layer electrode with active carbon being 
applied to a porous Teflon backing. For  current  collection, metallic mesh or  
screen i s  pressed against the active carbon layer. In the T-5 electrode, the 
cur rent collection screen is  embedded in the active carbon layer. Wetproofing 
i s  provided by application of a porous Teflon layer to the gas side of the T-5. 
Three modifications of the T-5 were tested in 118 ft%ells, specifically: 
1. Ni screen,  post-catalyzed (Cell A-008) 
2;  Ni screen,  pre-catalyzed (Cell A-017) 
3. Ag screen,  pre-catalyzed (Cells A-026, 027, 029, 032, 034). 
In the initial screening tes ts ,  two cathodes available from other 
commercial sources were also considered. One was the American Cyanamid 
LAB-40 and the other was the Chemcell H 9454N (Cells A-033 and 035). Based 
on peak electrode potentials and ra te  of voltage decay, the LAB-40 cathode 
appeared to be best suited for further analyses and was, consequently, selected 
a s  the cathode for the balance of the smal l  and {light-size cell  testing in the 
Task I program. Comparative performance, based on half -cell  potentials, of 
al l  these cathodes i s  presented in Table 11. 
During the course of the cell  testing program in Tasks I and 111, 
two major problems associated with the LAB-40 cathode were encountered; one 
was delamination of the electrode during operation, and the second was weepage 
of electrolyte through the electrode into the cathode cavity. Delamination when 
i t  occurred was evidenced at the interface between the hydrophobic "L" layer 
and the AB-40 act&e layer. Delaminated electrodes would immediately flood 
in the blistered a r ea  and performance would drop drastically. When delamination 
was f i r s t  experienced early in the Task I test  program (e. g. , Cell A-018), 
American Cyanamid made modifications in the fabrication process which apparently 
eliminated the problem. However, there was a recurrence of the problem during 
the Task I11 cell testing work, and several  additional changes in the chemistry and 
fabrication process of the LAB-40 backing were evolved by American Cyanamid 
and tested by Union Carbide. Results of these studies will be described in 
greater  detail under the section entitled "LAB-40 Electrode Evaluation. I '  Thus, 
throughout the program many modifications of the basic LAB-40 concept were 
evaluated. The ultimate backing modification designated CrII appeared to be 
extremely well-bonded to the active layer. With this modification, no evidence 
of delamination was uncovered, and post-operational peel tests  revealed that the 
bond between the backing and the active layer was actually superior to the intra- 
active layer bonds. 
The other cited problem, weepage into the cathode cavity, was not 
completely overcome. It should be pointed out that in mapy instances the mag- 
nitude of the electrolyte weepage was insufficient to make a judgment as  to 
whether weepage was through the electrode to  cell  edge seals or  through the 
electrode, per se. In certain instances unambiguous determinations of the 
source of weepage were  made and a r e  indicated in the cell testing sections of 
this report. 
Because v e  were not able to develop completely leakage-free cells 
with the LAB-40 electrodes, a portion of the Task I and Task I11 effort was de- 
voted to t ransferr ing the T-3 electrode concept to a high o r  all-platinum electrode, 
With the LAB-40 cathode, blow-through or  bubbling of oxygen into the electrolyte 
s t ream occurs a t  about 16" w. c. while with the standard T-3 blow-through does 
not occur until about 65"w. c, With a LAB-40 e 1 e c  t r 4 d.& t h  e g a s pressure  
i s  typically l e ss  than the KOH inlet pressure  and sometimes even l e s s  than the 
KOH outlet pressure.  Such a situation can promote leakage, be i t  through the 
edge seals or  through the electrode structure, With the T-3 concept, on the 
other hand, oxygen p ressure  i s  well above the electrolyte p ressure ,  and a posi- 
tive force ta res t ra in  weepage i s  thus always present. Dvring the initial elec- 
trode selection work (See Table 11) very little attention was directed to the 
possibility of modifying the T-3 electrode to the requirements of the present coq- 
tract.  However, a s  the work progressed, i t  appeared that an alternate electrode 
concept might be required to solve the weepage problem. Consequently, the work 
described in the next section of this report was undertaken mid-way in the cell  
testing program. Testing of the T-3Ntmphasized small  electrodes (4 cm2 ac-  
tive a rea )  rather  than 118 ft2 and flight-size cells. 
%:kN post-s'cript r e fe r s  to those modifications relevant to this NA$A Contract, 
TABLE I1 
CATHODE SCREENING TESTS  IN 118 ftz CELLS 
Cel l  Cathode Type Catalys t  Leve l  Init ial  O F  P e a k  Potential* 
( m g  I em2) (mv vs Hg/HgO) 
A-033 Cherncell H9454 N 9.0 - - - 
- indicates  no r e f e r ence  da ta  
:::IR-free a t  200 ASF and 15 psia.  
A.s noted previously,  the anode posed l e s s e r  problems. Anode 
potentials for  the initial screening tests  a r e  noted in Table 111. The average 
anode potential for 15 tes t s  using the T- 2 (standard) anode was 0. 926 volt vs  
Hg/HgO . Results of s imi lar  screening tests  in nine cel ls  using LAB-40 anode 
showed an average of 0. 930 volt vs Hg/HgO. Because the performance of the 
T-2  and LAB-40 anodes was comparable both were  subjected to extensive 
testing during the balance of the program, 
TABLE 111 
ANODE SCREENING TESTS I N  118 ftz CELLS 
Cel l  Anode Type Catalyst  Level  Initial o r  Peak Potential* 
( m g / c m 2 )  (mv v s  HgIHgO) 
A-033 Chemcel l  H9454N 9. 0 - - - 
A-01 1 Modified AB-40 4 0 . 0  - - -  
-indicates no r e f ~ r e n c e  data *IR-free at 200 ASF and 15 psia 
10 
3. 1. 1 High -Platinum Loaded Cathodes 
3. 1. 1. 1 Summary 
Becquse of the high voltage requirements  specified by the 
contract,  i t  was suggested that m o r e  catalyst  must  be incorporated into the 
electrode s t ruc ture  than was present  in our conventional electrode types, In 
la te  1966, f i r s t  attempts were  made to r a i se  the platinum level in  our active, 
carbon-containing cathodes t~ a s  high a s  10 mg/cm2,  This was achieved b ~ t h  
by post- and pre-catalyzing methods,  Pre-catalyzing r e f e r s  to addition of n ~ b l e  
meta l  to the active carbon pr ior  to electrode fabrication, while post-catalyzing 
r e f e r s  t~ the addition of noble meta ls  to fabricated electrodes.  Significant im- 
provement in cathode potential w+s achieved, particularly with electrodes p re -  
pared with pre-catalyzed cqrbon. However, the improvement was s t i l l  l e s s  
than that required to fulfill the contract  voltage requirements .  Fur thermore ,  
a s  descr ibed previously, incorporating electrodes of this type into l a rge r  
(118 ft2)  ce l l s  soon demovstrated seve re  physical degradation attributable to 
carbon oxidation a t  90" to 100°C. 
C opsequently, during a seven-month period (April  through October 
of 1967) an attempt was made to  develop a high-platinum loaded cathode contain- 
ing no active carbon. Some ve ry  promising resu l t s  were  obtained but, because 
of funding limitations, a directive was issued by NASA to discontinue work on 
this project  before i t  had reached completion. I t  was planned to concentrate 
most  of the work on the T-3N structure;  the T-5 (which was m o r e  easily made) 
was intended primari ly  a s  a means for  screening catalyst-mix variables .  
F i r s t  attempts to  make T-3N cathodes involved application of the 
active mix to the coa r se  side of a dual-porosity nickel plaque. This particular 
approach seemed attractive since the coa r se  porous s t ruc ture  would serve  a s  
a good bonding surface.  The electrodes of this type wqre fur ther  strengthened 
by pressing a prerolled, Teflon-bonded, inactive carbon layer  to the back of 
the electrode. This helped force the active mix into the coarse ,  parous s t ruc -  
ture ,  and provided a highly repellent layer  on the gas  side of the electrode. 
It was found that pressing the mix  completely through the coa r se -  
pored layer  s o  that it would mee t  the fine-poored layer  and f o r m  a proper  in te r -  
face was largely unsuccessful. Typically, e lectrodes made in this manner 
showed void a r e a s  in the coarse-pored layer between the mix and the fine-pored 
layer .  As a result ,  excessive gas  p res su re  could degrade performance by 
d r i v i n g  liquid out of the la rger  pores.  However, in  spite of this ,  severa l  elec- 
t rodes performed quite well with potentials in o r  near  the American Cyanamid 
LAB - 40 cathode range. 
One modification of the metal  support s t ruc ture  gave extremely encour - 
aging resu l t s .  Instead of attempting to  bond the active mix to a dual-porosity s t ruc-  
ture ,  a special  backing was made  which consisted of nickel s c reen  bonded to a 
fine-pored nickel plaque. Application of the mix to the sc reen  side of the plaque 
permitted i t  to be pressed  direct ly  against the fine-pored lgyer.  Using this method, 
considersble success  was experienced inmaking electrodes with goodworking poten- 
t ia ls ;  however, resu l t s  were  not always consistent-as will  be discussed la te r .  
Although the nickel-backed electrodes showed promising resul ts  on 
shor t - t e rm testing, there  was concern that nickel cor ros ion  could cause degrada- 
tion on longer t e r m  testing, and consequently we were  directed to t ransfer  effor t  
f rom porous nickel to porous s i lver .  Diferences in  the physical propert ies  of 
s i lver  and nickel were  found to great ly  al ter  the fabrication variables ,  and this 
particular phase of the work was experiencing difficulty a t  the t ime the project 
was terminated. 
The question of "extenders, ' I  mixed with the platinum black, was given 
considerable attention. Straight platinum black without an extender of some s o r t  was  
found to give poQr resul ts .  The most  satisfactory ma te r i a l  tes tedwas  carbon black, 
and this was used extensively throughout the program. Near the end of the pro- 
g r a m  a t  NASA's Pequest, a t tempts  were  made to  substitute other mater ia l s  for  
carbon black. The most  successful substitutions were  achieved by co-precipitation 
of s i lver  and platinum blackf rom ammoniacal solution with KBH4. Excellent potentials 
were  obtained a t  50 ASF, even on porous s i lver ,  but not enough work had been done 
to improve potentials to the point wher e the electrodes would operate well a t  200 ASF. 
3. 1. 1 . 2  Tes t  Procedures  
Before discussing electrode types i n m o r e  detail, and pr ior  to p re -  
senting experiment31 resul ts ,  the method of testing electrodes wil lbe described. Small 
"quick-test ' '  cells of 2 cm2 active a r e a  were employedfor each test .  Cathodes to be tested 
were  mounted by injectionmolding ipto polyethylene f rames .  A typical ce l l  is shown in 
Fig.  1, This construction consisted of a Teflon cellbody which formed the electrolyte 
cavity ontowhichwas placed the f ramed cathode. On the other side was positioned a s im-  
i lar ly  f r amed  Unioncarbide anode which se rvedas  a counter-electrode. To complete 
the cell ,  machined Lucite pieces were  placed against the back of each electrode 
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Fig. 1 - C lose-up of Single Ce l l  ( 2  cm2). 
A KOH Head Tube 
B Cell 
C KOH Inlet Tube to Cell 
D Nitrogen Supply Line 
E Cell Overflow Line 
F Line from Overflow Port to Reservcjir 
G KOH Reservoir 
H Heater Sheath 
J Nitrogen Manifold 

and the ent i re  unit clamped together. These Lucite pieces served a s  gas  cavities 
and were  provided with inlet and outlet gas  tubes.  Each cel l  was provided with a 
g lass  electrolyte r e se rvo i r  into which was  inser ted a nickel-sheathed car t r idge  
heater .  Electrolyte circulation was achieved by means of a nitrogen "bubble-pump" 
ar rangement .  A total  of 22 test  positions (two banks of eleven each) were  available 
for  this program, and provisions were made f o r  operating the cathodes under gas  
back-pressures  a s  high as  5 psig. Since the anode was used only a s  a counter- 
electrode, i t  was  normally operated a t  a tmospheric  p res su re .  
In testing electrodes,  the cel ls  in each bank were  electrically connected 
in s e r i e s  to a 15-volt power supply which served  to "smooth out" cu r ren t  fluctuations. 
In addition, a switching arrangement  was provided so that each cel l  could be separ  - 
ately isolated f rom the bank and polarized with a Kordesch-Marko bridge. IR-f ree  
cathode potentials were  measured ve r sus  a reference electrode. Although the l a rge r  
NASA cel ls  were  designed for operation a t  90 - 10O0C, the glass  r e se rvo i r s  used in 
these electrode screening setups dictated that a lower temperature be  used; thus, a 
temperature of 80°C was selected for this screening program. 
3 .  1. 1. 3 American cyanamid LAB-40 C,athodes 
To s e t  a target  for  potentials to be reached by our experimental 
high-Pt cathodes, American Cyanamid LAB-40 (40 mg p t /cm2)  were  chosen a s  a 
comparison standard. Electrodes of this type, tes ted under conditions s imi lar  to 
those under which our experimental e lectrodes were  routinely screened, gave 
values which a r e  summarized in Table IV. Based on these tes t s ,  a desired voltage 
TABLE IV 
PERFORMANCE O F  AMERICAN CYANAMID LAB -40 
12-M KOH; 80 "C; 200 ASF (Potentials Referred to H ~ / H ~ O  Electrode) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ser i e s  of 4 Tests: 1st  Day: -0.008 to  +O. 018 volt  
Peak: +O. 012 to +O. 028 volt 
2 Weeks: +0. 0 10 to +O. 028 volt 
- - 
level of 3-0.0 10 to +O. 020 volt v s .  H ~ / H ~ O  was selected for  the experimental cathodes. 
3. 1. 1. 4 Active Carbon Cathodes with High-Platinum Loading 
3 .  1. 1.4.  1 Post-C,atalyzed T-5  Cathodes 
F i r s t  attempts a t  increasing the platinum level in  our 
cathodes consisted of post-catalyzing them in a standard manner  except that l a rge r  
amounts of platinum were  used. A total of ten t e s t s  in this experiment a r e  sum- 
mar ized  in Table V; seven a t  a 5 mg p t / c m 2  level; th ree  a t  10 mg p t /cm2.  Although 
resul ts  a t  the 5 mg level were  good in t e r m s  of peak potential values,  the improve- 
ment  observed a s  compared with cathodes containing l e s s  P t  (e .  g .  , 1 mg/cmz)  was 
not sufficient to make this method appear attractive.  Fur thermore ,  in most  cases  
potential degradation was excessive over the t e s t  period, 
Included in this s e r i e s  were  severa l  fabrication variables ,  including 
binder level, wetproofing, and active-layer thicknesses.  No discernible t rends in 
perfbrmance resulted f r o m  these variat ions in fabrication procedure.  
3 .  1. 1. 4. 2 Rolled, Precatalyzed T-5 Cathodes 
Two types of T-5 cathodes were  made using platinum 
precatalyzed carbon-a rolled s t ructure,  and a sprayed s t ructure.  The fo rmer  
type was prepared by rolling a carbon-Teflon mix  into an expanded-metal screen .  
Fourteen electrodes of this var ie ty  a r e  reported in  Table V. Fabrication v a r i -  
ables  included varying Pt:C rat ios ,  binder levels,  wetproofing, and presence or  
absence of a porous-Teflon backing. The platinum level could only be approx- 
imated, but was estimated to  be between 5 and 10 mg/cm2,  depending upon whether 
a weight rat io  of 1 Pt:2C o r  1 Pt: 1C was used. 
Although resul ts  were  m o r e  promising than those obtained with post- 
catalyzed electrodes,  and severa l  of the electrodes showed good voltage stability 
over the test  period, performance was sti l l  below the desired level of t o .  0 10 to 
0. 020 volt. 
3 .  1. 1.4. 3 Sprayed, Precatalyzed T-5 Cathodes 
Electrodes s imilar  to the preceding type were  pre-  
pared by spraying a precatalyzed carbon-Teflon s lu r ry  onto a base  which usually 
consisted of an expanded-metal gr id  into which had been rolled a highly wet- 
proofed, inactive-carbon layer .  Table V a lso  summarizes  the resu l t s  ~ b t a i n e d  
in 16 t e s t s  with electrodes of this type. Variables included in this s e r i e s  were  
s imi lar  to  those included in Sect. 3.  1. 1.4. 2 Above. The data shah that these electrodes 
performed, in general,  about the same a s  the rolled type. 
3 .  1. 1. 5 High-Platinum Loaded Cathodes without Active Carbon 
3 .  1. 1. 5. 1 All-Platinum, T-5 Cathodes 
Initial attempts to  make all-platinum cathodes employed a 
TABLE V 
PERFORMANCE OF T-5 CARBON CATHODES 
-- 
WITH INC REASED PLATINUM LOADINGS 
- - 
12-M KOH; 80°C; 200 ASF (Potentials Refer red  to ~ g / J H g 0  Electrode) 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Post-Catalyzed Cathodes; 5 m g / c m 2  Level  (7 Tes ts ) :  
--- 
All had peak potentials of -0. 020 v,  o r  be t te r ,  v s .  H ~ / H ~ B  
Three  taken off af ter  3 days because potential dropped below 
-0. 040 v 
Remaining four  tes t s :  1st  day, -0. 026 to -0. 004 v 
Peak,  -0.014 to -0.004 v 
2 weeks,  -0 .059  to  -0.020 v 
Post-Catalyzed Cathodes; 10 mg/cm2 Level  ( 3  Tests ) :  
None reached potentials of -0. 020 v 
Rolled, Precatalvzed Cathodes (14 Tes ts ) :  
Four  never  reached potentials of -0. 020 v 
One reached -0.020 v on only one day during 2-week tes t  period 
One dropped to -0.080 v in  3 days 
Remaining eight tes ts :  1s t  day, -0.025 to  -0. 002 v 
Peak, -0. 0 17 to +O. 006 v 
2 weeks, -0. 044 to -0. 002 
S ~ r a v e d ,  Precatalvzed Cathodes ( 16 Tests) :  
Four  never  reached potentials of -0. 020 v 
One reached -0.020 only one day during 2-week tes t  period 
One dropped to below -0.400 v in 4 days 
One dropped to -0. 034 v in 11 days 
Remaining nine tes ts :  1st  day, -0. 040 to -0. 010 v 
Peak, -0. 016 to +O. 007 v 
2 weeks, -0. 042 to -0. 015 v 
( I )  Goal: 1-0.010 to cO. 020 volt vs Hg/HgO 
modified T-5 s t ruc ture  in which the platinum black mix  was applied to a support 
consisting of porous-Teflon bonded to gold-plated nickel screen. Although the 
T-3 electrode s t ruc ture  was the main objective, it was fel t  that the prel iminary 
screening of variables could be m o s t  conveniently accomplished with the m o r e  
easily made T-5's. 
Numerous mix  formulations were  tested with consistencies ranging 
f rom a paint to a "butter, I '  and the method of application varied accordingly. 
In the case  of mixes to be painted, ca re  was taken to prevent coagulation of the 
Teflon which was used a s  a binder,  and thickening agents such a s  sodium c a r -  
boxymethylcellulose o r  polyacrylimide were sometimes used. When a spread-  
able "butter" was des i red ,  the Teflon was deliberately coagulated with a suitable 
organic solvent.(e. g. , "Solvesso" 100, a Standard Oil Product).  
Because of the high cost  of platinum, very sma l l  batches of mix  
were  made;  just enough for  a 2" x 2" piece. Since the platinum loading was 
40 mg/crn2 in mos t  c a s e s ,  1 g r a m  of platinum black was required for each 
batch to  cover a 4 in2 (26 cm2) electrode. 
With the exception of the ea r l i e r  tes t s  in which platinum black 
precipitated f rom platinum chloride was used (designated a s  UCC precipitated 
P t ) ,  electrodes were made almost  exclusively with ma te r i a l  obtained f rom 
Engelhard Industries,  having a crystall i te s ize  of 90- 100 angstrom units. Data 
f rom a total of 55 tes t s  were obtained with electrodes of this type. Most of 
these were  single t e s t s ,  although 20 of them represent  duplicate runs on 10 
electrodes.  Thus, this group represents  the testing of 45 different electrode 
formulations. Table V I  summarizes  the resul ts .  
TABLE VT 
PERFORMANCE. O F  ALL-PLATINUM T-5 CATHODES 
12-M KOH; 80°C; 200 ASF (Potentials Referred to Hg/Hg0 Electrodes)  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C - - - - - - - - - - - - F - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Ser ies  of 55 Tes ts :  29 Never reached potentials of -0. 020 volt 
6 were  taken off t e s t  in l e s s  than a week for 
various reasons  
Remaining 20 tes t s :  1s t  Day, -0. 064 to +O. 01 2 volt 
Peak,  -0. 0 16 to +O. 0 12 volt 
1 Week, -0. 049 to -0. 001 volt 
2 Weeks ( 7  Tests  only), -0.046 
- 
- 
to -0. 015 volt 
Although seve ra l  tes t s  approached the LAB-40 baseline with r e -  
spec t  to peak potential value, they maintained these values for only a short  
while and were  generally unacceptable. 
In spite of these mediocre resp l t s ,  severa l  relevant pieces of 
information were  obtained, par t icular ly with respec t  to type and amount of 
Teflon binder needed and the cure  temperatures.  Both F E P  and T F E  Teflon 
were  t r ied with almost  identical resu l t s  (See Table.VI$. 
TABLE VII 
EFFECT O F  BINDER VARIATIONS ON CATHODE POTENTIAL 
A T - 5  Electrodes,  12 MKOH, 80°C; Results after 2 days on t e s t  a t  20Q ASF) 
- 
IR-Free  Potentials vs Hg/HgO 
F E P  Teflon (Engelhard P t ) :  
10% (No. 5-25-67-3) -0.020 volt 
-0. 001 volt 
T F E  Teflon LUCC Precipitated P t ) :  
10% (No. 5-19-67-B) -0. 0 12 volt 
157'0 (No. 5-19-67-C) -0, 004 volt 
Various curing tempera tures  were  also tested ( S e e  T a b l e v ~ ~ I ) .  
TABLE VIII 
EFFECT O F  CURING 'CONDITIONS ON CATHODE POTENTIAL 
(T-5  Electrodes,  12 M KOH, 80°C; ucc pptd. P E - ~ e s u l t s  af ter  2 days on t e s t  
a t  200 ASF) 
IR-Free  Potentials vs  Hg/HgO 
1070 TFE (No. 5-19-67-B): 
a. 200°C - overnight -0. 012 volt 
b. -275°C - 112 hour in a i r  -0. 024 volt 
c. 275°C - 4 h r s .  total in N2 ( t ime f rom ambient -0. 043 volt 
temp. to 275°C. 2.2 hrs .  in 265" -275°C range) 
1570 T F E  (No. 5-19-67-C): 
a. 200" C - overnight -0. 004 volt 
b. ".275"C ,= 112 hour in a i r  -0. 007 volt 
c. 275" C - 4 h r s .  total  in N2 ( t ime f rom ambient -0, 012 volt 
temp. to 275"C."2 h r s .  in 265" -275°C range) 
These data indicated the 1570 binder level to be superior  to 10QJo. 
Fur thermore ,  the higher binder level permitted a higher curing temperature to 
be used with l e s s  detr imental  effect on cathode potential. This was considered 
to be desirable  in t e r m s  of electrode strength. 
3 ,  1. 1. 5. 2 T-3N Cathodes 
The fabrication of T-3N electrodes was  found to present 
unique problems not encountered with the T- 5 var iety.  Two general  electrode types 
were  made and tested: ( I )  the mix was applied to the coa r se  side of a dual-porosity 
nickel o r  s i lver  plaque, and (2) the mix was applied to an al ternate  porous-metal 
product in which the coarse-pored layer  was replaced by an open-mesh sc reen  
bonded to the fine-pored plaque. 
(a) Cathodes with Dual-Porosity Nickel 
A considerable number of electrodes was  made in  
which dual-porosity nickel was used a s  the support layer .  In many cases ,  the 
nickel was gold-plated in  an attempt to provide some corrosion stability, but 
penetration of the gold plate was found to be unsuccessful, and the coverage was 
largely superficial .  Table IX presents  a summary  of 81 tests ,  covering 69 differ- 
ent e lectrodes (only 12 were  run in duplicate). 
During this time, little success  was achieved using only platinum black 
(40 mg/cm2) a s  an active mater ial .  Best  performance was obtained with electrodes 
containing carbon black as  an extender, with the usual weight rat io  being 10 par t s  
platinum and 1 par t  carbon black. The carbon black i s  a fully graphitized s t ructure 
0 
with a "c -axis1 '  spacing of 3 .  36 A. I t  i s  res i s tan t  to oxidation a t  tempera tures  well 
above those experienced in operating fuel cel ls .  The platinum level in  all  but a 
few electrodes tested was 40 mg/cm2.  
The general  procedure for  preparing electrodes of this type was to 
paint the platinum mix onto the coarse-pored s ide of the dual-.porosity nickel plaque, 
dry  i t  a t  a low temperature (ca.  50°C) between coats,  and then lay a FEP-painted 
inactive carbon layer on top of this.  The electrode was  then pressed ,  and then 
cured in a nitrogen atmosphere. In these,  and in the following type of electrodes,  
var iab les  such a s  Teflon type, p res su re ,  and c u r e  temperature were  examined. 
Details will be discussed subsequently. 
The chief disadvantage of the dual-porosity nickel ma t r ix  was the f ~ t  
that i t  was vir tual ly  impossible to p r e s s  the active mix completely through the 
thickness of the coarse-pored s t ructure.  As a consequence, excessive gas p res -  
su re  could dr ive liquid f rom the resultant void spaces during operation and thus 
culminate in  unusual and unpredictable reactions which normally resulted in per -  
formance degradation. 
TABLE IX 
PERFORMANCE O F  T-3N CATHODES WITH DUAL-POROSITY 
NICKEL MATRIX 
12-M KOH; 80°C; 200 ASF (Potentials Refer red  to R ~ / H ~ O  Electrodes) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 - - - - - - - - - - - -  
All- Platinum Cathodes: 
16 Tes ts  (14 different e lectrodes)  w e r e  run. 
Noqe reached a potential of -0. 020 volt. 
Platinum Black-Carbon Black Cathodes: 
A total of 65 tes t s  (53 different electrodes) was run: 
23 Tes t s  (20 different e lectrodes)  never  reached a potential 
of -0. 020 volt. 
20 Tes t s  (18 different e lectrodes)  reached -0. 020 v a t  l eas t  
once, but were  removed f r o m  t e s t  in  l e s s  than 1 week for  
var ious reasons.  
13 Tes t s  (12 different e lectrodes)  reached -0.020 v ,  but did 
not attain the des i red  level (+0. 010 v, o r  bet ter)  
1 s t  Day, -0. 019 to +O. 008 v 
Peak, -0.006 to  +O. 009 v 
1 Week, -0 .048 to  $0.006 v 
8 Tes t s  (8  different electrodes) reached the des i red  level (+0. 010 v 
o r  bet ter)  a t  l eas t  once: 1 s t  Day, -0 ,001  to $0. 017 v 
Peak, +O. 010 to +O. 022 v 
1 Week, -0.006 to  +O. 0 12 v 
1 Tes t  reached the des i red  level (+0. 0 10 v ,  o r  bet ter)  
for one week::: 1 s t  Day, -0 .053 v 
4 thDay ,  + 0 . 0 1 6 v  
12th Day, +0. 016 v 
+ Potentials above +O. 010 v were  obtained f r o m  the 4th day 
through the 12th day. 
A fur ther  disadvantage resided in the nonuniformity of the dual- 
porosity nickel i tself .  Consequently, a fabrication p res su re  suitable for  one 
particular lot might not be satisfactory for  the next. 
(b) Cathodes with Nickel Screen-  Porous Nickel Base  
Because of the foregoing disadvantages, a modified 
nickel mat r ix  was developed which consisted of a nickel screen  sintered to the 
fine-pored nickel layer .  Electrode fabrication procedures were  s imi lar ,  but 
these electrodes proved to be distinctly superior  in that the mix could be pressed  
down to contact the fine-pored layer.  Bonding (particularly to the wires)  was 
not always a s  strong a s  desired,  and oxygen-backpressure sensitivity was not 
entirely consistent, but the operating voltage level of electrodes in this group 
showed considerable improvement over those discussed in  the above. 
Table X summarizes  resul ts  obtained on electrodes of this type. 
All electrodes reached potentials of better than -0. 020 volt-even severa l  of 
the all-platinum ones-and a significant number performed a s  well a s  LAB-40 
cathodes during their  one-week tes t  period. 
Because of the ve ry  encouraging resu l t s  of these tes t s ,  a m o r e -  
detailed program for  screening fabrication var iab les  was se t  up and run. These 
t e s t s  were  c a r r i e d  out with electrodes using the nickel screen-porous nickel 
substrate  (gold plated). Major var iab les  tested were:  fabrication p res su re  
(see Table XI); type and amount of fluorocarbon binder ( see  Table XII), and 
cu re  temperature ( see  Table XIII). 
Reproducibility in these tes t s  was poor, probably because of a r e a s  
of poor screen  attachment to the porous nickel ( a  problem which was la te r  
solved). In spite of this, severa l  important conclusions seemed justified: 
1 .  Results indicate the superiority of a 2000-psi fabrication p res  - 
s u r e  a s  compared to 4000 psi. 
2. T F E  appears  to be superior  to F E P  a s  a binder, although the 
amount (in the 10-2070 range) does not appear cr i t ical .  
3 .  The injurious effect of too high a c u r e  temperature i s  strongly 
suggested. 
TABLE X 
PERFORMANCE O F  T-3N CATHODES 
WITH SCREEN'R ON POROUS NICKEL MATRIX 
12-M KOH; 80 "C; 200 ASF (Potentials Referred to H ~ / H ~ O  Electrode) 
- - - - _ _ _ _ - - - - - - - _ - _ - - - - - - - - - - - ~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - F - - - - - -  
All - Platinum cathodes: 
A total of 6 t e s t s  (4  different electrodes) was run. 
All achieved peak potentials between -0 .0  12 to +O. 006 volt  but 
w e r e  on tes t  l e s s  than one week. 
Platinum Black-C arbon Black Cathodes: 
A total of 42 tes t s  (2 1 different electrodes) was  run: 
8 Tes ts  (5  different electrodes) achieved .peak 
potentials between -0. 005 to +0. 013 v 
but were  on tes t  l e s s  than one week. 
16 Tes ts  (8  different electrodes) reached -0. 020 volt but did not 
attain the des i red  level: 1 s t  Day, -0. 0 14 to  +O. 009 v 
Peak, -0.014 t~ + O .  009 v 
1 Week, -0. 070 to 3.0.004 v 
8 Tes t s  ( 5  different electrodes) reached the des i red  level a t  
l eas t  once: 1st  Day, +O. 008 to +O. 016 v 
Peak, +O. 010 to  +0.016 v 
1 Week, 0 to  $0. 008 v 
10 Tes ts  (3  different electrodes) reached and maintained the desired 
level for  one week: 1s t  Day, +O. 010 to +O. 027 v 
Peak,  +0.016 to  +0.027 v 
1 Week, +O.OlO t o + 0 . 0 1 8 v  
: Gold- Plated nickel sc reen .  
TABLE XI 
E F F E C T  O F  FABRICATION PRESSURE ON CATHODE POTENTIAL 
-- -- - 
--PA--- 
15% TFE-bonded P t  b lack-carbon black 
e lec t rodes  (10: 1) ;  
1 2  m o l a r  KOH; 80" C;  200 ASF 
O2 back p r e s s u r e  = 2 p s i  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 Day on T e s t  7 days  on T e s t  
Fabr icat ion P r e s s u r e  ( p s i )  I R - F r e e  Potent ia ls  v s  Hg/HgO (vol ts)  
2000 Cel l  1 +O. 005 +O. 004 
Cel l  2 +O. 01 1 +O. 004 
4000 Cel l  1 -0. 003 -0 .008 
Cel l  2 -0. 50 (Drift ing) -1. 03 (Hz 
-- 
- 
-- evolution) -- 
TABLE XI1 
E F F E C T  O F  T Y P E  O F  FLUOROCARBON ON CATHODE POTENTIAL 
-- 
,abrication P r e s s u r e :  4 U m p s i  
P la t inum black-carbon black m i x  ( 10: 1 ) 
12 m o l a r  KOH; 80" C;  200 ASF 
O Z  back p r e s s u r e  = 2 p s i  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I R - F r e e  Po ten t ia l s  v s  Hg/HgO (vo l t s )  
10 Wt. O/o Fluorocarbon:: 15Wt. 70 Fluorocarbon* 20 Wt % Fluorocarbon:: 
F luorocarbon  No. of Days on T e s t  No. of Days on T e s t  No. of Days on T e s t  
Type 1 7 1 7 1 7 
T F E  - Cell  1 +0.002 +O. 006 -0.003 -0. 008 +0.012 +0.010 
Cell  2 +O. 009 +O. 008 - --::* 0 0 - - - 
F E P  - Cell  1 -0. 0 12 -0.009 -0.020 -0.010 -0 .014 -0. 004 
Cel l  2 -0. 014 
- 
-0.010 -0 .01 6 -0. 010 -0.050 -0 .042 
::Percentages by weight based upon platinum plus  Teflon content only; o ther  
ingredients  being ignored. 
:::::Questionable repl icate .  
TABLE XI11 
E F F E C T  O F  CURE TEMPERATURE O F  FLUOROCARBON TYPES 
UPON CATHODE POT-ENTIAL 
. 
F a b r i c a t i o n  P r e s s u r e :  4000 p s i  
P la t inum black-carbon black m i x  (1 0: 1) 
12 m o l a r  KOH; 80°C; 200 ASF 
O2 back p r e s s u r e  = 2 psi  
I R - F r e e  Potent ia ls  v s  H g / H g 0  (Volts)  
20 w t .  OJo 225°C C u r e  Temp. 275°C C u r e  Temp.  325°C C u r e  Temp.  
F lu rocarbon  No. of Days  on T e s t  No. Days on T e s t  No. of Days on T e s t  
T v ~ e  1 7 1 7 1 7 
T F E  - Cell  1 +O. 004 +O. 004 -0. 003 -0. 008 -1. 03 (Hz - - 
evolution) 
e e l 1  2 +0..003 -0. 006 - - - - .,. -0. 062 - 1. 02 (Hz .'. 
- 
evolution) 
F E P  - C e l l  1 -0 .009  -0.006 -0.020 -0 .010 -0.  034 -0.026 
Cel l  2 -0. 028 -0. 068 -0. 0 16 -0.010 - 1. 04 (HZ - - 
evolution) 
::: Questionable repl icate-  
2 3  
(c)  Cathodes with Silver Screen-Porous Silver Base 
Attempts to make electrodes using the "standard1' platinum black- 
carbon black mix on silver were not successful. The chief physical differepces 
between this support and the nickel support resided in hardness of material  and 
geometry of the structure. The lat ter  included differences in mesh and wire 
s izes of the screens used as  well a s  pore size of the fine-pored plaques, 
In view of these facts,  the chief variable tested was fabrication 
pressure.  Electrodes were pressed in the range of 500-4000 ps i  without success, 
Other variables considered included the method of mixing the "paint, I '  the drying 
of the paint coats between applications, and the addition of porous Teflon a s  a 
backing. In a group of 14 tes ts ,  only three reached potentials in the range of 
-0. 100 to -0.020 volt versus Hg/HgO. No satisfactory explqnat io~ for the poor 
performance was obtained prior  to termination of this portion of the work. 
(d) Filtered Electrodes 
The idea that a workable T-3N cathode could be made by pressure  
and/or  vacuum filtration of a suitable mix into the s tructure of a dual-porosity 
silver plaque was investigated to a limited extent. A special filtration fixture 
was built which permitted the simultaneous application of vacuum below the 
porous-metal piece and pressures  a s  high a s  60-psi above it. 
It was found that a s lur ry  of platinum black (or  P t  black + carbon 
black) could be filtered fairly well; however, difficulty in ending up with the 
active material  in the body of the coarse layer in contact with the fine-pored 
layer was experienced, and necessitated use of a plaque with a very coarse layer 
sintered to the fine-pored structure, 
The most  successful electrodes were prepared by pre-wetproofing 
the platinum black-carbon black mix with F E P  Teflon prior  to filtration. The 
use of FEP in$tead of TFE Teflon permitted the wet-proofed mater ia l  to be 
repulverized so that a filterable s lur ry  could be made. For  these electrodes, 
the s lu r ry  was prepared by mixing 1. 2 g of the wet-proofed mater ia l  with 25 cc 
of H20 and st i rr ing a t  high speed with a "ViagTi~'~ homogenizer. The slurry was 
then further  diluted to 500 cc ,  s t i r red  moderately, and filtered through a dual- 
porosity silver plaque. A pressure  differential of 75 ps i  was used during fil tra- 
tion. As a final step, a layer of FEP-painted carbon was pressed over the active 
m i x  using a 4000-psi pressure .  After a i r  drying overnight, the piece was 
cured a t  250°C in a nitrogen atmosphere. 
Although 200 ASF potentials were  poor,  peak potentials for these 
two tes t s  (+0. 032, +O. 045 a t  5'0 ASF, and -0. 009, +O. 010 a t  100 ASF) indicated 
the ultimate feasibility of this method. 
( e )  Tes ts  with Noncarbon Extenders 
--- 
At the termination of this phase of the effort, work was being con- 
centrated on the use of noncarbon extenders with platinum black, with par t icular  
emphasis upon silver.  Both nickel and s i lver  substrates  were  used, and the 
extenders tested included ( in  addition to s i lver )  TiOz and ZrOz. 
A s e r i e s  prepared by using the nickel .screen-porous nickel sub- 
s t r a t e  with different p res su re  and binder variables gave no usable electrodes 
a t  200 ASF. In m o s t  cases  potentials were  e r r a t i c ,  and only the peak values 
a r e  reported in Table X N ,  
TABLE XIV 
POTENTIAL O F  CATHODES USING NON-CARBON EXTENDERS WITH 
PLATINUM BLACK-NICKEL SCREEN-POROUS NICKEL SUBSTRATE 
,-- 
- 
- 
12-M KOH; 80°C; 200 ASF (Potentials Referred to H ~ / H ~ O  Electrodes) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Extender /Pt Pressure 
Extender Ratio % TFE (psi) Peak Potentials 
Ag powder 10:6 15 1000 
Ag powder 10:6 20 50 0 
Ag powder 10:3 15 2 50 
500 
A g  powder 10:3 20 2 50 
500 
1000 
TiOt 10:2 15 1000 
(Test  1)  
(Test  2) 
(Test 1) 
(Test  2) 
(Test  1) 
(Test  2) 
(Test  1 )  
(Test  2) 
ZrOl 10:3 15  ,1000 (Test  1) -0.020 
(Test  2) -0.024 
ZrOP 10:3 2 0 500 (Test 1) -0.036 
(Test  2) -0.032 
I11 spite of the poor resu l t s ,  severa l  of the tes t s  m e r i t  fur ther  atten- 
tion, particularly those with TiOz and Zr02 .  It i s  believed that considerable 
improvement i s  possible if particular attention is given to optimum particle s ize 
(i t  i s  surmised  that that used was  too coarse)  of the extenders,  in combination 
with other fabrication variables .  
An interesting use of s i lver  a s  an extender gave electrodes with 
excellent potentials a t  50 ASF, and certainly deserves  fur ther  study. This method 
consis ts  of co-precipitating s i lver  and platinum black with potassium borohydride. 
Data obtained with electrodes of this type on a s i lver  substrate  a r e  presented in 
Table XV. 
TABLE XV 
POTENTIALS O F  ELECTRODES PREPARED WITH CO-PRECIPITATED SILVER- 
AND PLATINUM -BLACK SILVER SCREEN/ POROUS SILVER SUBSTRATE 
12-M KOH, 80°C; Potential Referred to H ~ / H ~ O  Electrode; 
All Electrodes Contain 40 mg ( P t  + Ag)/cm2 
- - - - - - - _ _ - _ I - _ - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - v - - - - - - - - - - - - - - - - - - - - - - - - - -  
Pt: Ag P r e s s u r e  Peak  Potential Indicated 
Ratio % T F E  (psi) a t  50 ASF Stability 
1: 1 15 1000 +O. 053 Good 
1: 1 15 4000 -1-0. 0 12 Poor 
1: 1 25 1000 +O. 060 Good 
10: 1 2 5  1000 (Tes t  1) + O .  031 
(Tes t  2) $0.015 
Good 
Poor 
Tes t  periods were  shor t  ( 3  days maximum) but seve ra l  of the bes t  elec- 
t rodes appeared to be  quite stable over this period a t  the 50 ASF level. I t  i s  inter-  
esting to note that decreasing the Pt:Ag ra t io  f rom 10: 1 to  1:1 (using the same total  
amount of catalyst  in the electrode) actually increased the electrode potential a t  
50 ASF. 
3.  1. 2 LAB -40 Electrode Evaluation 
The LAB -40 electrode has  been described previously ( see  footnote 
on page 4).  Ear ly  versions of the LAB-40 electrode when tested in 118 ft2 cel ls  
showed delamination of the electrode backing (e. g. , Cell A-0 18). This problem 
was discussed with American Cyanamid who instituted severa l  changes in the 
composition and/or  bonding procedure fo r  attaching the "L" f 1 u o r o c a r b o n  
layer to the AB-40 active layer. These various modifications a r e  described 
by a let ter  (A, B, o r  C)  indicative of the chemistry of the backing, a Roman 
numeral (I  or  11) indicative of the processing procedure and some times an 
Arabic numeral 1 ,  2, 3 or 4 describing minor fabrication process modifications. 
These changes were initially successful in eliminating delamination, For  
example, Cell A-05 1, whose performance will be discussed in detail subsequently, 
was subjected to 3 2  thermal cycles from 35 to 90°C with no evidence of backing 
failure. Later is the Task 111 work, a recurrence of this problem was experi- 
enced as  documented in Table XVI,and additional testing work was undertaken 
both by Uniop Carbide and American Cyanamid to understand and eliminate the 
problem. Ultimately, the so-called C-I1 backing evolved which i~ i ts  final modi- 
fication proved to be excellently bonded to the active layer. Peel  tests  of elec- 
trodes after extended operation in cells indicated that separation of this backing 
from the active layer did not occur. Rather the electrode tore apart  within the 
active layer generally along the current  collection screen. 
Analysis of the data summarized in Table XVI indicates that the 
A-11-2 backing modification used in both 118 ft2 cells and in larger  cells (e. g. , 
A- 214 and A- 215) was particularly prone to delamination. Delamination occurred 
in practically every instance where this material  and fabrication treatment were 
employed. In contrast,  the B-II* backing modification used in small  cells was 
generally adequately bonded (Note Cells A- 11 6, A- 11 8 and A- 123). However, 
the similar B-11-4 backing used in Cells A- 109, A-1 10, and A- 117 was variable. 
in quality. These B-11-4 electrodes were prepared by cutting down-7- 1/  2 x 
7-  112 electrodes originally procured for flight-size cells to the 4- 1 / 2 and 5" 
size required in the 118 ft2 cells. Since the B-I1 backing prepared specifically 
for 118 ftz did not delaminate while the B-11-4 backing intended for the flight- 
size cells did, the variability i s  likely associated with process scale-up. 
This hypothesis was further confirmed by an e-xpe riment involving cells 
A-109 and A-110. The cathodes for these two cells were selected on the basis 
of visual appearance. The cathode in A- 109 was judged to be well-bonded based 
on the observation that the pattern of the metal current  collection screen was 
obvious in the porous fluorocarbon backing suggesting that the electrode has been 
adequately pressed during fabrication, In A- 110, on the other hand, the pattern 
*According to American Cyanamid, B-I1 and B-11-4 a r e  essentially identical. 
TABLE XVI 
OBSERVATIONS O N  THE BOND INTEGRITY IN CELLS WITH 
LAB-40 ELECTRODES 
---- 
-- -- 
Total  Hours 
C e l l  Anode - Cathode Comments Separa_tor on T e s t  
A-  105 LAB-40 LAB-40 Autopsy indicated delamination of Serpentine 1034 
(A-11-2.S7332 (A-11-2, S7332 e lec t rodes  in isolated a r e a s .  
103-13) 102-6) 
A-109 T -  2 LAB-40 0 l ) se rved  cathode delamination a t  Serpentine 507 
(A-11-21, S8333- 385 hrn. Confirmed by autopsy. 
119-9) 
A- I09 T- 2 LAB-40 Cathode appeared okay. Serpentlne 1648 
(B-11-4,568-1D) 
A -  110 T-2 LAB-40 Observed cathode delamination after  Serpentine 1445 
(D-11-4,568-28) 600 hrs .  
A-111 LAB-40 LAB-40 P r e s s u r e  cel l  suspected delamination Flat tened 75 2 
(A-11-2,58333- (A-11-2.S8333- of anocle by 48 h r e  and cathode by T F E  Mesh 
119-4) 119-8) 380 hre .  Autopsy showed delamination 
O[ both electrodes.  
A-112 LAB-40 LAB-40 No t e s t ,  shorted electrodes.  Flattened 0 
(B-11-4,565-5A) (B-11-4.565-78) T F E  Mesh 
A-1 13 LAB-40 LAB-40 Cathode delamination during f i r s t  Serpentine 119 
(A-11-2,S8333- (A-11-2,S8333- 24 hre.  (Autopsy confirmed thie and 
119-1) 119-5) a l s o  showed anode delamination). 
A-212 T- 2 LAB-40 Autopsy ehowed delamination of cathode Serpentine 1985 
(B-II,S8333-12) 
8-214  LAB-40 LAB-40 Delamination of both e lec t rodes  in 3 hra.  Serpentine 3 
(A-11-2,541-9R) (A-11-Z*, 540-2A) Autopsy confirmed thie. 
A- 21 5 T-2  LAB-40 Observed cathode delamination 400 hrs .  Serpentine 436 
(A-11-2,541-9A) Autopsy confirmed this. 
A-114 T - 2  LAB-40 Observed cathode delamination a t  658 h r s .  Serpentine 912 
(A-11,58333-119-3) 
LAB-40 LAB-40 Autopsy shows anode delamination. Serpentine 
(A-11-2,S8333- (A-11-2,S8333- Cathode okay. 
119-6) 119-2) 
T -  2 LAB-40 No observable delamination. Serpentino 
(B-Il.5'8333-120-1) 
LAB-40 LAB-40 Autopsy showed anode backing very poorly Serpentine 
(8-11-4,565-7A) . (8-11-4,565-38) bonded. Cathode okay. 
T-2  LAB-40 No observable delamination. Serpentine 
(B-II,S8333-120-2) 
LAB-40 LAB-40 No observable delamination. 3 pc flattened T F E  
(C-II,S8505-105.2) (C-II,S8505-105-3) 
LAB-40 LAB-40 No observable delamination. 3 pc flattened TFE 
(C-lI,S8505- 106-3) (C-II,S8505- 106-2) 
LAB-40 LAB-40 Cell  shorted during subassembly.  3 pc flattened TFE 
(C-11,58505-111-1) (C-II,S8505-111-2) Electrodes used l o r  blowthrough tests .  
LAB-40 LAB-40 No observable delamination. 3 pc flattened TFE 
(G-II,S8333,121-2) (CCIIIS8333-121-3) 
T -  2 LAB-40 No observable delamination. 3 pc flattened T F E  
(B-1I,S8333-120-3) 
LAB-40 LAB-40 No observable delamination. Horizontal  Serpentine 
(C-11, S8806-20- (C,II,S8806-20-1) Polyeulfone Mesh 
3-11 
A-126 LAB-40 LAB-40 No observation possible. 
(C-II,S8806-20- (C-11, S8806- 20-2- 
3-3)  2 
Horizontal Serpentine + 44 
Polyeulfone Mesh 
A-127 T - 2  LAB-40 No observable delamination Horizontal Serpentlne + (1 100) 
(C-II ,  ,58806-20-2-4) Polysulfone Mesh 
- .-  
*Note: The e lec t rodes  in Cells  A-107, A - I l l  and A-113 w e r e  procured on  Union Carbide P.O. 742-06601 af te r  July 1,  1967. 
These e lec t rodes  w e r e  verbally descr ibed  by the vendor a s  having the generic designation A-I1 and that the Arabic pos t sc r ip t  
had been deleted. However, the electrodes a s  received w e r e  actually designated as A-11-2. The "A-11-2" e lec t rodes  in Oelle 
A-214 and A-215 were  procured p r i o r  to July 1, 1967 on Union Carb ide  P.0. 742-07660 and presumably do not re f lec t  p1oce.n 
improven.ents incorporated into the l a t e r  A-11 electrodee. 
of the screen  was not visible in backing. As can be seen in Table XVI, cel l  
A- 109 operated for  1, 648 hours  without delamination, while backing separation 
occurred in the Cel l  A- 110 cathode after 600 hours  on test .  
No evidence of delamination occurred in any of the cel ls  using various 
lots of electrodes with the C-I1 backing modification. Since all  testing was con- 
ducted on 118 ft2 electrodes,  the one question not answered in the course  of this 
work i s  whether o r  not significant variabili ty would exist  in fl ight-size electrodes 
with the C -11 backing. 
During the course  of this evaluation, some attention was also directed 
to the possibility that the design of the gas  space separa tors  might be contribut- 
ing to delamination. Consequently, cells were  constructed both with serpentine 
separa tors  and with plast ic-mesh separa tors  in the Hz and O2 spaces.  With 
the plastic mesh, the supported a r e a  on the backing i s  much g rea te r  than with 
the serpentine. Although the comparative tests  a r e  not completely conclusive, 
separator  design does not appear to be a major  factor .  Cel ls  with mesh  sep- 
a r a t o r s  delaminated (e. g. , A- 11 1), while cel ls  with serpentine separa tors  s u r -  
vived the testing regimen intact (e.  g.  , A- 109). 
A supplementary experimental program was instituted in Task I11 
in an attempt to delineate some of the causes of LAB-40 electrode delamination 
and to develop possible quality control tools which would reduce process  v a r i -  
ability. To this end, American Cyanamid devised a peel t e s t  in which the load 
required to  s t r ip  the "L" backing f r o m  the LAB -40 active layer  was quantita- 
tively measured  in an  Instron tensile machine. This approach did not appear 
to provide any correlat ion with serv ice  performance o r  fabrication history.  In 
almost  every instance, the peel tes t  failure occurred within one of the layers  
rather  than a t  the interface between the backing and the active layer.  
Concurrently, Union Carbide developed a simple bl is ter  test .  In 
this tes t  a 518" disk of the LAB-40 electrode was clamped in a fixture and gas 
p res su re  was applied f r o m  the active side of the electrode. The p res su re  was 
gradually increased in 2 -psi  increments  until delamination occur red. In this 
t e s t  d e l a m i n a t i ~ n  almost  invariably occurred a t  the interface between the active 
layer  and the backing. Various electrodes were  tested: 1) in the as-received 
condition; 2) after a one or  two week soak in 100°C KOH; 3) after var ious the r -  
m a l  cycles in a i r  to 100°C, and 4) in some cases  af ter  operation in small  ( 2  cm2) 
electrochemical cells. Data accumulated from these tests  a r e  summarized in 
Table XVII. F rom the data i t  may be observed that the blister or  delamination 
TABLE XVII 
BLISTER PRESSURE OF ELECTRODES(' ) 
Thermal  Cycles 
100°C for  1 Hour. 
KOH Soak Room ~ernpera tu r . e  Cells Operating 
Electrode As at 100°C for 1 our a t  200 ASF, 80" -~  
No. Rec'd 1 wk 2 wk 5 cycles 10 cycles 1 wk, 2 wk 3 wk 4 wk 5 wk 
S8505-105 18 4 
(C-11,. 20 4 
Lightly 17 10 
P r e s s e d  Backing) 
S8505-107 16 12 
(C-11, 19 12 
Medium 18 12 
P r e s s e d  Backing) 
S8505-106 46 19 
(C-119 40 14 
Heavily 44 22 
P r e s s e d  Backing) 
( I  ) P r e s s u r e  in peig 
(2)  Cathode in Cel l  A- 11 7 
(') Anode in Cel l  A- 11 7 
pressure  was reduced substantially by exposure of the electrode to hot KOH 
in both static tests  and in electrochemical cells. In contrast,  thermal cycling 
in a i r ,  produced slight increases in blister pressure.  Further testing i s  
required before this procedure can be used for quality control purposes. How- 
ever ,  based on the successful performance of cells with the C-I1 backing modi- 
fication, it appears that blister pressures of > 20 ps i  should provide delamination- 
resis tant  electrodes, 
3. 2 Cel l  Testing 
3. 2 .  1 Faci l i t ies  
Under the init ial  t e r m s  of Contract NAS3-9430 Union Carbide agreed 
to  provide 18 single cell  t e s t  posit ions of which 12 were  to  accommodate small  
ce l l s  (defined a s  approximately 3" x 3" or  6" x 6") and s ix were  to take so-called 
fl ight-size ce l l s  which were  to  have a t  least  1 ftz of active electrode surface. 
This commitment required fairly extensive modification of the existing t e s t  facil i  - 
t i e s  and considerable new construction, because the sma l l e r  s ize  i s  not widely 
used in normal  Union Carbide programs,  and the l a rge r  size,  though generally 
used, is not usually operated a t  the high cur rent  densi t ies  required here .  Fur the r -  
more ,  normal  Union Carbide operations a r e  ca r r i ed  out a t  o r  below 70°C, which 
permi ts  the use of polypropylene electrolyte tanks and plumbing, while the 100°C 
requirements  of this program necessitated the use of nickel a s  the construction 
mater ia l .  
Initially, six sma l l  t e s t  stands were  activated and used in the early 
s tages of the program. Some of this equipment i s  i l lustrated in the schematic 
diagram of Fig. 2, and the photograph of Fig.  3 .  
Fig. 2 
Note: Single gaa flow ahown. 
Hz and O2 ~ynternm are 
identical. Liquid Trap and 
Condensate Receiver D-3 122 
- Schematic Diagram of NASA "Small" Cel l  Test ,  
Original Design, for Atmospheric P r e s s u r e  
Operation. 
Fig. 3 - NASA "Small" Cell Test, Original Design. 
In this arrangement the KOH reservoir (1) i s  constructed of nickel, and 
heated by means of heating tape. The electrolyte i s  circulated with a centrifugal 
pump ( 2 ) ,  entering the bottom of the cell (3) ,  and exiting at the top from where i t  
returns to the reservoir. Since both gas circulating systems a r e  identical, only 
one i s  shown in the schematic, and only the oxygen loop i s  identified in the photo- 
graph. Each gas f i r s t  passes through a flowmeter (4), then enters the cell at  the 
top. All excess gas i s  purged from the system (i. e., no recirculation i s  provided), 
and leaves the cell from the bottom, the exit port being positioned diagonally across 
from the inlet port. The exit gas passes through a water-cooled condenser (5) 
which serves to remove a major portion of the water, which then collects in the 
condensate receiver (6). The latter also acts a s  a t rap  to detect the presence 
of electrolyte leakage should i t  occur. The exit gas finally passes through a control 
valve positioned on one leg of a U-tube containing mercury (7). This permits con- 
trol of the gas pressure in the cell. 
Also shown in the photograph i s  the Variac (8) used for adjusting electro- 
lyte temperature, an electrolyte level probe (9) which automatically shuts off 
the hydrogen supply and puts the cell on open circuit in the event that the electro- 
lyte level were to become dangerously low, and the components of the load circuit; 
voltmeter ( lo) ,  ammeter (1 l), and rheostat (12). 

In addition to five test  positions of the foregoing type, one position 
suitable for operating a t  p res su res  up to 45 psig was built. While the contract 
had not specifically contemplated testing of cells significantly a t  very,elevated 
p r e s s u r e ,  ear ly work indicated that single cell  voltage gains on the o rde r  of 
30 m v  could be obtained by increasing the operating p res su re  to 
-30 psia. The 
schematic and ~ h o t o g r a p h  of this sys tem a r e  shown in Figs. 4 and 5. P r e s s u r e  
balance i s  achieved by simultaneous pressurizat ion of the elctrolyte with nitrogen 
a s  the hydrogen and oxygen p res su res  a r e  increased. This i s  easily accom- 
plished by feeding the nitrogen to one side of the diaphragms of both the hydrogen 
and oxygen regulators Item 1 ,  Fig. 5 .  This forces  the p res su re  of these gases  to  
"follow" the nitrogen pressure .  As before,  only one gas sys tem i s  indicated in the 
figures. The hydrogen and oxygen p r e s s u r e s  a r e  maintained a t  a value slightly 
above that of the nitrogen by means of springs in the regulators.  The electrolyte 
reservoi r  ( 2 )  and pump ( 3 )  arrangement  i s  s imi lar  to that described for  the p r e -  
vious system. 
Fig. 
Flowrnoter 
-=Yll 
Flow-Control  Valva 
_jt Shut-Olf Valve 
Liquid Trap and 
Condensate Raaalvar 
4 - Schematic Diagram for  "Small" P r e s s u r e  Cel ls ,  
Original Design. 
In addition, a second tank (4)  was installed above the main  reservoi r .  
This can be isolated f rom the sys tem by means of valves above and below, and pro-  
vides a means for adding electrolyte to the pressur ized  system, i f  desired.  Both of 
these tanks a r e  provided with service openings (normally plugged). When reference 
electrode readings a r e  required,  the electrode ( a  Zn wire)  i s  inser ted directly into 
the main  KOH reservoi r .  
3 3 
D-3118 
..Fig._ -5. - .NASA Pre s su re  ,Cell Test Position for "Small" 
Cells, or ig inal  ~ k ' s i ~ n ,  
Each exit gas passes through a condenser and t rap  (5)-stainless 
steel- in a manner similar to that already described. The flow rate i s  adjusted 
by means of a control valve ( 6 ) ,  and measured by a flowrrleter (7)  a t  the dis- 
charge end of line. A continuous purge of nitrogen is also maintained through 
valve (8) and flowm-eter ( 9 )  which prevents the accumulation of hydrogen and 
oxygen above the electrolyte. 
Safety features were provided to completely shut down the system, 
in the event of loss  of nitrogen pressure  or  drop in electrolyte level, by means 
of a pressure  switch in the nitrogen line, solenoid valves in  all  of the gas lines, 
and a probe in the electrolyte reservoir.  
An additional s ix small test  stands , more highly instrumented .and 
capable of more  precise control and monitoring, were subsequently constructed, 
These stands were designed for 15 psia operation. Figs. 6 and 7 show the sche- 
matic drawing of a position and photograph of this facility. Identifying numbers 
in Fig. 7 a r e  a s  follows: (1 )  fuel cell; ( 2 )  heated electrolyte reservoir ;  ( 3 )  instru- 
ment  panel containing pressure  regulators,  flowmeters, gages, voltmeter, and 
ammeter;  (4) condenser (exit gas line),  and (5 )  condensate receiver,  

T - Temperature Probe 
P - Prelaure Standpipe 
2- Flow-Control Vah~e 
+- Shut-Off Valve 
Gaa Preseure 
Gam 
Supply 
KOH Regulator 
Tank 
(Heated) 
Manometer 
Note: S l q l e  arm flow ahown. 
& Md 4 symtem# a r e  In 
identical. 
Fig. 6 - Schematic Diagram NASA Single Cell  Test,  
Improved Cesign. 
Fig. 7 - NASA Single Cell Test  Positions, 
Improved Design. 
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F o r  the Task  I program, s ix  la rge  t e s t  stands for  the flight-size 
ce l l s  were  a l so  built. Of these,  four were for  operation at 15 psia  (normal  
atmospheric pressure)  and two for  operation a t  30 psia  o r  higher. The 15 psia 
stands a r e  substantially s imi lar  to the small  stands except for  such obvious 
modifications a s  l a rge r  e lec t r ic  loads and leads,  l a rge r  fluid ducts and me te r s ,  
and l a rge r  water  collection devices. The large 15 psia  stands a r e  shown in 
Fig.  8. The 30 psia  stands a r e  depicted in F igs .  9 and 10. The la rge  tes t  
stands could a l so  be used for  small  ce l l s  a s  the situation required, in which 
c a s e  the electr ical  sys tems were  altered. 
During Task  111, four of the original five small ,  atmospheric p res su re  
stands were  decommissioned and replaced with new p r e s s u r e  stands capable of 
accepting either flight-size or small  cells.  In addition, the f i r s t  p res su re  stand 
was extensively upgraded in t e r m s  of instrumentation and control equipment. 
3 . 2 . 2  Tes t  Procedures  
Most of the tes t s  described in this repor t  were life tes t s  a t  
15 psia conducted on smal l  cel ls .  F o r  these, the following procedures were  generally 
used; The electrolyte was 14 N KOH, heated in the electrolyte tank to give a cel l  
outlet temperature of 90 & 2°C.  The nominal electrolyte circulation ra te  through 
the ce l l  was 124 &10 ml /min .  Sometimes this flow r a t e  was exceeded because the 
nominal 124-rnl flow could only be achieved by v e r y  near ly  closing the flow control 
valve-an unsafe condition for  cell  operation, since the nearly closed valve was 
prone to possible blockage caused by small  d i r t  particles.  In practice,  the KOH 
inlet  p res su re  was generally 16. 5" of KOH; the p r e s s u r e  drop through the cell  was  
3 - 4". A determination of the electrolyte flow a s  a function of p res su re  drop  was 
par t  of the normal  s ta r t -up  procedure and was repeated periodically. Usually no 
significant flow degradation was found. The p res su re  drop a t  a flow ra te  of 125 
m l / m i n  of hot 14 N KOH (per electrode pair) i s  included in most  of the performance 
studies s o  that the KOH flow character is t ics  of the var ious  ce l l s  may be compared. 
Hydrogen and oxygen were.not  recirculated, but instead were  passed 
through the stacks once and then exhausted. The flow ra t e s  were  adjusted to give 
water  balance; i. e . ,  to maintain the electrolyte concentration a t  the desired point 
a s  f a r  a s  possible. This proved difficult, and in m o s t  instances the electrolyte 
tended to concentrate, s o  that water  was added f rom t ime to time. This explains 
the recorded fluctuations in electrolyte normality. The gas  flows were  measured  
on Brooks a i r  purge m e t e r s .  F o r  the small  stacks these were  generally kept a t  
Fig .  8 - Test  Stands f o r  Flight-Size Cel ls  Operated at  15 psia. 
3 7 


Fig .  10 - T e s t  Stand fo r  Flight-Size C e l l  Operation 
at 30 psia. 

what is  equivalent to 0. 4 scfh of air  for HZ and 2. 0 scfh a i r  for  02, corresponding 
approximately to 1. 56 scfh Hz and 1. 82 scfh 0 2 .  At 200 ASF a 118 ft"1ectrode 
actually requires 0. 40 scfb Hz and 0. 20 scfh 02, so that for most  tests  the systems 
were run a t  what would correspond to a recirculation rate of 4X use rate on the 
hydrogen side, and 9X use rate  on the oxygen side. These flow rates  generally 
require about 0 .  3 - 1. 0" water equivalent AP for OZ and 0. 1 - 0, 2" for Hz. Gas 
inlet pressures  were se t  regularly to be 1" below the blow-through pressure  for 
02 ,  and 2" below blow-through for Hz. In addition, the difference between the 
pressures  of the two gases was not permitted to exceed 10". Actual inlet p res -  
sures  were usually in the 15 - 30" range. 
The electrolyte temperatures of 90 -1: 2°C at the outlet were measured 
with a thermistor system from Yellow Springs Instrument Co. , Yellow Springs, 
Ohio. Most test  stands were equipped with probes both on the inlet and outlet, 
and in general the temperature difference between the two was about 2"C, the 
inlet being higher. The heat 1ost:from the stack was greater than that produced 
by the electrochemical reaction even after the stacks were insulated with either 
318" Plexiglas plates over the cell  end plates or  with Styrofoam. Temperature 
was maintained by heating the electrolyte tank externally with a heating tape con- 
trolled by a Ni-plated Fenwall thermoregulator i p m e r  sed in the electrolyte tank. 
Electrolyte pressures  were measured in standpipes at the inlets and the outlets, 
Current, voltage, temperature, gas flows, and electrolyte concen- 
tration were checked daily. Condensed water was removed and measured daily; 
leakage, i f  any, was measured as needed. The alkalinity of all liquids collected 
was checked and recorded i f  any was found. In general, polarization curves were 
run on all cells once a week using a Marko-Kordesch interrupter,  unless special 
situations required more  frequent data taking. 
The Marko-Kordesch Interrupter [J. Electrochem. Soc, - 107, 480-483 
(1960)] i s  an instrument which permits measuring the voltage of a battery o r  fuel 
cell stack eliminating the ohmic voltage drop. This i s  called the IR-free reading,  
denoted by the letter "F" in all our polarization curves. The polarization curve 
obtained as  usual by taking the terminal voltage was also measured with the same 
instrument and i s  shown on the same graphs, unmarked, called the IR-included 
curve. Thus, the two curves may be compared directly. 
Cells operated at 30 psia were f i r s t  started in the standard fashion 
at 15 psia,  90" C ,  and 200 ASF. Particular attention was paid to blow-through 
pressures  and electrolyte flows which could not be checked after pressurization. 
Then,with the stack on open circuit ,  the solenoid controlling the flow of nitrogen-- 
the pressurizing gas--  was opened. Nitrogen p ressure  was applied uniformly to 
O2 and H2 regulators and to the entire electrolyte system, so that all portions of 
the fuel cell system experienced the r i se  in p ressure  simultaneously. The Hz 
and O2 purges were watched carefully and adjusted to maintain the correc t  purge 
rate.  
As far as data taking was concerned, the same procedures were fol- 
lowed and the same data taken as  for 15 psia operation except: a )  electrolyte flow 
could not be checked; b) NZ pressure  and purge were checked daily, and c )  the 
KOH normality was checked daily by titration of a small sample, instead of the 
specific gravity method usually used. 
The procedures used for the flight-size cells were basically the same 
as  those outlined above for the small  cells with such obvious modification a s  
having the gas flows, etc. about ten times larger .  
Task11 of the contract called for the design of a 5 .kW system capable 
of performing under a certain load profile. Several tests  were run to establish 
performance of cells under a load profile similar to that specified for the system. 
These tests, which will be discussed subsequently, differed f rom all other tests in 
that the electrolyte was only 11. 5 N KOH. All liquids removed from the stack 
were collected in just two bottles, one in the anode-exit side, and one in the 
cathode exit. The normality of the liquid was determined and the equivalent elec- 
trolyte leakage, i f  any, calculated therefrom. Gas inlet pressures  were checked 
daily. The pressures  were se t  at  1" below blow-through pressure  at a fairly low 
current  (ca. 60 A S F ) ,  and were not changed, even though the p ressure  dropped 
(for the same gas flow ra te )  a t  the higher current  densities. These tests were 
carr ied  out on the original design, less  highly instrumented, group of test stands. 
The actual load cycle used in the tests  differs in detail f rom the load cycle speci- 
fied for the 5 kW system. It has the same percentage of the operating time under 
the same loads as the system specification requires,  but the exact timing was r e -  
arranged for convenience 'of single- shift operation. 
3. 2,. 3 Cell Design and Construction 
A l l  of the cells tested in this program used the same basic cell design 
and construction procedure, This involved sandwiching an anode and a cathode 
between two end plates with appropriate gas and electrolyte separators  and sealing 
the unit with epoxy, Cells a r e  generally characterized as  hybrid, meaning that a 
T-2 anode was coupled with a LAB-40 cathode, or  as  LAB-40 meaning that this 
electrode was used both as anode and cathode. Various plastics in various geo- 
metr ies  were used for the fluid separators.  As the program progressed, details 
of construction were continually evolving to correc t  for various problems uncovered 
during testing. During Task I only minor copstruction modifications were made; 
but during Task II1,major redesign was undertaken, 
A typical small cell used for atmospheric pressure  testing during 
Task I i s  depicted in Figs, 11' and 12. The active area  of each electrode in this 
design i s  nominally 118 ft2, with the electrodes separated from each other by the 
electrolyte separator specified in Table XVIII. Initially, an expanded-nylon sepa- 
rator (S- 2) was used, but autopsy of several  lone;-bived cells after failure showed 
that the nylon separator had disintegrated. This permitted the electrodes to touch 
and short  out. 
Similarly, autopsies showed that the woven Lampor t t  s polypropylene 
separator (S-1) was not usefvl when exposed to 0 2  a t  90°C for long perioda, and 
co~sequent ly  both the electrolyte and cathode separators were changed to expanded- 
mesh Teflon materials.  The S- 1 polypropylene separator was satisfactory in the 
H2 atmosphere of the anode compartment. 
The electric current  produced was collected by framing each of the 
electrodes in folded 0. 005" silver foil, 31 16" wide after folding. The silver was 
sealed to the LAB-40 electrodes on the gas side with clear epQxy, and on the elec- 
trolyte side with silver epoxy. For the T-2 electrodes, this arrangement was j ~ s t  
reversed,  so that the silver epoFy was on the nickel side of the anode. Further-,  
more ,  along one edge of each silver frame (usually on the gas side) a 0. 025" thick 
silver s tr ip (31 16" wide) with an integrally welded tab was attached to bring the 
current  out of the cell. Tabs from anodes and cathodes were on opposite sides of 
the cell. 
The housing as a whole was made of polysulfone and epoxy. Polysulfone 
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TA.BLE XVIII 
Identification of Separators  
Lamport Style 7700 polypropylene, nominal thickness 0. 093. 
Exmet code 10 expanded nylon 25- 1 (stablized). 
Webril SM 91-oriented fiber-nominal 6 mi l  polypropylene. 
Exmet expanded polypropylene 2 5 - 1. 
Polypropylene - DuPont 30 PDS 89 - stretched, 
Exmet expanded Teflon 25- 1,  flattened. A single piece i s  flattened 
to 0. 015"; 3 pieces a r e  used and arranged so  that the axis of the 
center piece i s  a t  right angles to the axes of the end pieces. Number 
preceding S-6 designation indicates number of individual 0. 015" thick 
pieces used. 
S-7 Exmet expanded Teflon 25-1, heat treated but not flattened, 0. 045" 
nominal thickness. 
S-8 Polysulfone serpentine stick - full length vertical. 
S-9 Po~ysul fone  serpentine stick - single ended vertical.  
S- 10 Polysulfone serpentine stick - full length horizontal. 
S - l l  Expanded Polysulfone mesh. 
end plates,  with the electrodes and separating gaskets held between them, were 
joined by an epoxy bridge. The whole unit was sealed with Union Carbide Type-2774 
epoxy with 2793 hardener  in the ratio of 3:1, and oven cured at  50°C. The Hz and 
Oz inlets were  at  opposite top corners  of the same face ,  the gas outlets a t  the dia- 
gonally opposite bottom corners .  There were  no orifices. Fluid s l i ts  0. 030" 
thick x 0. 05" wide were provided as  the electrolyte and oxygen inlets and outlets 
in the epoxy edge f i l l .  Hydrogen sl i ts  were  0. 040" thick to accommodate the thicker 
anode separator .  The KOH inlet was a t  the bottom center with one inlet s l i t  into 
the electrolyte space. At the top, two sl i ts  (one near  each corner)  opened into a 
plenum chamber which had one oulet in the center ,  with the top of this plenum 
being "gabled" to encourage egress  of any trapped gas. All the inlet and outlet 
tubes were  polysulfone of 3/8" 0. D. , with 0. 032" wall thickness. 
The f rame gaskets spacing the electrodes f rom each other and f rom 
the end plates were generally 3/16'' wide, and of such thickness as  to a c c o m m o ~  
date the separator properly. The gaskets were made f rom a special Neoprene 
rubber,  treated with H2S04, or  from polysulfone. Both types were glued to the 
mating faces with epoxy in the cell subassembly. These gaskets and Teflon plugs 
(later pulled out to form the fluid passages) provided a seal  during the successive 
pouring of the 114" thick epoxy along the four edges of each cell. 
Shortly after initiation of the Task 111 program, several  long duration 
cells (i. e.. , > 2000 hours on tes t )  remaining from Task T were removed from 
test  and destructively examined. F rom these tests  i t  became apparent that the 
existing cell  construction would pot reliably operate for the 3000 -hr  lifetime goal 
of Task 111. In particular,  the silver epoxy joints which bonded the silver current  
collector s t r ips  to the electrodes had become severely debilitated during extended 
exposure to 90- 100' C KOH. It was believed that the breakdown of this electrically 
conductive epoxy joint was responsible, a t  least  in part ,  for the weepage that 
had been observed in many of the tes t  cells. Consequently, several  major changes 
in cell  construction were instituted. For example, the silver epoxy joint was r e -  
placed by a welded joint with the current  collector s tr ip being resistance seam- 
welded directly to the electrode. In a few cells (i. e. , A- 101, A- 102, A-105 and 
A- 21 2) nickel was used as  the current  collector material. However, the remain- 
ing cells constructed during Task IIIutilized silver as the electrode bus. It was 
also decided to replace the epoxy adhesive used previously (i. e. , Union Carbide 
2774 resin with 2793 hardener) with alternate formulations - -  the objective being 
to obtain a joint which could accommodate the thermal s t r esses  resulting from 
differential expansion between the electrodes and the plastic s tructural  members. 
The 27741 2793 combination was felt to have inadequate elasticity over the operating 
range to resul t  in reliable edge seals. Consequently, a ser ies  of screening tests  
were instituted on several  commercially-available resins. These screening tests  
included the following: 
1. S t ress  and Strain: Stress  and strain values were determined by 
measuring the proportional limit in a compressive load versus deflection test,  
2. Adhesion: To evaluate adhesion, the various epoxies were used 
to bond str ips of electrode to polysulfone sheet. Four samples were prepared with 
each epoxy, using the electrode structures below: 
a. LAB-40 gas side; 
b. LAB-40 KOH side; 
c. Union Carbide T-2 gas side; 
d. Union Carbide T-2 KOH side. 
After soaking samples  in a 100°C ovenfor 4 hours ,  theywere each subjected to apee l  
test. A bond failure within the electrode s t ructure as  opposed to bond failure 
between the electrode and polysulfone was used a s  the acceptance criterion. 
3. KOH Compatibility Test :  Samples of each of the epoxies were  
soaked in 12 N KOH a t  100°C for  a period of one week. Except for slight d is -  
coloration and changes in weight, none of the samples  appeared to have suffered 
any adverse effect f r o m  the KOH treatment.  
4. Thermal  Cycling: To evaluate the ability of the epoxy to tolerate 
thermal  cycling, s t ruc tures  representative of those found in  a typical cell  were  
constructed. After severa l  thermal  cycles in a i r  a t  100" C,  the s t ruc tures  were 
subjected to a peel t e s t  and checked to see  whether they were  s t i l l  leak-tight to 
KOH. 
5. Viscosity: The potting technique used to assemble cel ls  requires  
an epoxy of low viscosity so  tb  a t  i t  will flow into al l  interstices.  Viscosity was 
judged by visual observation of the flow propert ies  of the various epoxies. 
Results a r e  summarized in Table XIX. On the basis  of this 
evaluation, the D. Ring Chemical Company No. 10 1 Resin with the "F" Hardener 
(2: 1) was selected for further evaluation in t e s t  cells. This adhesive was used 
in Cells A-109, A-110, A-111, A-112, A-126, A-127, A-214, and A-215. At 
this juncture in the cel l  construction work, the sea l  a r e a  (i. e. , the amount of 
electrode encased in epoxy) on the electrodes was increased about 114 inch on 
each edge of the electrode.. However, the selection of the Ring 101 -F combination 
coupled with increased electrode sea l  a r e a  did not solve the cell  weepage problem; 
and, consequently, fur ther  alternatives for the cell  adhesive were  considered. One 
of the problems with the Ring epoxy was that it contained substantial quantities 
of trapped a i r  bubbles which were  difficult to remove and could possibly contr i -  
bute to  imperfect edge seals.  
One cel l  (A- 107) was constructed with a proprietary adhesive p r e -  
pa red  by Hysol, th ree  cel ls  (A- 118, A-1 23 and A- 125) used an adhesive:: fformulated 
:::70 pa r t s  Union Carbide phenoxy resinPKHH and 30 pa r t s  toluene diisocyanate. 
TABLE XIX 
EVALUATION OF CANDIDATE EPOXIES FOR NASA CELL CONSTRUCTION 
-- -- -- - 
Sample Ratio S t r e s s  S t ra in  KOH Thermal  
No. Manufacturer Base Hardener  BaseIHardener  (ps i )  i n n  ) Adhesion Compatibility Cycling Viscosity 
1 Union Carbide Corporation 2774 2793 3: 1 11,400 0.030 A A 
2 Union Carbide Corporation 2774 2793 2: I 8.850 0.033 A ( 1  p )  
3 D. Ring Chemical Company LO1 E 2:l 6.600 0.033 U A 
4 D. Ring Chemical Company 101 F 2: 1 7.700 0.035 A A 1 1 
5 D. Ring Chemlcal Company 100 E 2:1 9 ,300 0.034 A A 3 3 
6 D. Ring Chemical Company 100 F 2:l 7.900 0.034 A A 4 4 
7 D. Ring Chemical Company 100 A 2:1 8.000 0.034 U 
8 Kunstatoff Chemical Co. Rezolin 916AD 12.5:2.4 15,100 0.042 U A 
A 11.200 0.038 U A 
9 Kunststoff Chemical Co. Rezolin L930H 10:6 
L930 
10 Shell Chemical Co. 815 92:8 
Armst rong Products  Co. A 23,400 0.0056 A A A 2 
11 Union Carbide Corporation 
50% 2774 0822 10:) 
50% 2774 2793 4: 1 
I 2  
13 
14 Allaco Products  
2774 ZZLB-0325 7:3 5 ,880 0.0492 A A A 3 
2774 ZZLJ3-0340 7:3 6 ,890 0.0339 A A A 5 
All Bond All  Bond 1:L 16,180 0.0047 A A A 4 
( a ) ~ a n k e d  in o r d e r  of preference  A = Acceptable 
(b'lowest viscosity U = Unacceptable 
by Bjorksten Research Laboratories,  Inc. and one special cell was assembled 
from two electrodes which f i rs t  had an elastomer molded around the perimeter 
by Gulton Industries, and these were cemented together with a proprietary 
cement. 
Excellent adhesion of the various cell components was obtained with 
the Bjorksten adhesive. Seven additional cells were potted with a Rezolin 
epoxy which had been previously used by Union Carbide Corporation on a com- 
pany-supported program. The particular epoxy was Rezolin "A" resin with 
XC 2- 1 1 - 2 hardener (4: 1). With each different adhesive, details of the cell fabri- 
cation procedure were varied to accommodate the particular characteris tics of 
each bonding agent. 
M a n y  of t h e  c e l l s  ' t e s t e d  . ea ' : r ly  i n  t h e  T a s k . 1 1 1  program 
used the S-7 expanded Teflon mesh separator in the fluid spaces. Flow distribution 
problems suggested that this type of separator was subject to creep and collapse 
during operation. Consequently, two alternate types of separators  were used 
in many of the Task 111 cells. One design used the so-called S-6 separator des-  
cribed in Table XVIII. This separator consisted of multiple layers  of flattened 
Teflon mesh. While the dimensional stability of this separator was excellent, 
the pressure  drops were rather high. The other design was the serpentine 
stick separator which channels flow in a tortuous path across  the face of the 
electrode, Serpentine stick configurations employed either vertical o r  horizon- 
tal sticks. (Fig. 13). Extensive flow testing indicated that the horizontal s e r -  
pentine not only resulted in excellent flow distribution of electrolyte across the 
face of the electrodes but also tended to easily disgorge any gas bubbles from 
the cell. The final separator configuration evolved in the program employed 
an expanded polysuPfone mesh  in the gas spaces and a horizontal serpentine of 
polysulfone in the electrolyte space. No problems were encountered with this 
configuration. 
3. 2. 3. 1 Small Stacks for Use a t  30 psia -
The construction of the pressure  cells was identical with 
that of the regular stacks except for the addition of a reinforcing shell. This 
shell consisted of 114" Panelite end plates bolted together over the basic stack, 
and potted on all four sides with epoxy. A typical unit i s  shown in Fig. 14. 
3. 2. 3.2 Flight-Size Stacks 
The so-called flight-size stacks a r e  basically scaled-up 
versions of the small  stacks, i. e. , they a r e  not prototypes of the probable 
building blocks for an aerospace system. Front  and r ea r  views of the stack 
a r e  shown in Fig. i 5  .; details of construction a r e  shown in Fig. 16. ; and a unit 
installed in a test stand in Fig. 17.  The stacks were of Type-404, meaning 
there were four pairs  of electrodes electrically parallel,  a s  shown below: 
C = Cathode 
A = Anode 

D-3394  
Fig. 14 - Smal l  Stack f o r  Operation at 30 ps ia ;  Finished Cel l  i s  about 6- 1 / 2" x 7". 

Fig. 15 a- Flight-Size Tes t  Stack; F ron t  View. 
(Finished Stack i s  about 8-7/16" x 9-7/16".) 
D-3402 
Fig.. 15h- Flight-Size Tes t  Stack; Rear View Showing Bus Bars .  






This conf igura t io~  was adopted to reduce the current  Qer tab by prbviding an 
i n c r e a s e d  n u l m b e r  of c u s r e n x t  c b l l e d , t o r s i .  Each electrode had an 
active area of 46. 7 in2, so that- the cell had an active area  of 1. 3 ft? the con- 
t rac t  called for  a minimum of 1. 0 ftz. Even though operation of these cells a t  
the specified 200 ASF required only 260 amperes,  they a r e  capable of handling 
500 amperes. 
The electrodes were framed in 0, 005" silver foil, 1/4" wide oe 
each side after folding. The silver was sealed to the LAB-40 electrodes on 
the gas side with clear epoxy, and on the electrolyte side with silver epoxy. 
For  the Type-2 (T-2) electrodes this arrangement was again reversed,  so that 
the silver epoxy was on the nickel (or  gas) side of the anode. Furthermore,  
along one edge of each silver f rame  - - usually on the gas side - - was a 0. 025" 
Chick silver s t r ip ,  114" wide, with an integrally welded tab 1. 5" wide t~ bring 
the current  out of the cell. Tabs, later to be paralleled, were brought out on 
opposite sides in deference to the matching up of edge spacer thickness with 
fluid gap mesh thickness, The tabs were joinad externally to appropriate copper 
bus bars ,  as  shown in Fig. 15. There were also peripheral spacing str ips of 
31 16"'-wide -polysuPfone. This design does not incorporate fluid orifices; sli ts 
with the dimensions shown in Fig. 16 served as gas and electrolyte passages. 
The end plates consisted of 114" aluminum sheets sandwiched between 
two 1/8" polysulfone sheets,  glued together with epoxy. After the stack was 
aligned and assembled in a jig, with epoxy applied to all the appropriate mating 
surfaces,  the stack was compressed slowly and uniformly with hydraulic p res -  
sure  to assure  uniform and continuous bonding by the adhesive. While the pres-  
sure  was on the stack, bolts were inserted and tightened following a uniform 
torquing scheme, up to an applied torque of 15 inch-pounds per  bolt. After bolting, 
the sides of the stack were potted with 277412793 epoxy. All nozzles were poly- 
sulfone, 
3. 2.4 Types of Cell Tests 
The c,ell tests conducted under this contract were divided into several 
groups based on geometry and load cycle. These tests consisted principally 
of cells of the 118 f t 2  size with limited testing of the 0. 3 25 ft2 and the 1. 3 ft2 
size cells. The 118 ft2 cells were broken down in the following manner: 
35 cells - 200 ASF - 15 psia 
5 cells - 200 ASF - 30 psia 
4 cells - NASA cycle - 15 psia 
1 cell - NASA cycle - 30 psia 
3 cells - 100 ASF - 15 psia 
2 cells - 300 ASF - 15 psia 
4 cells - 200 ASF - 15 psia with T-3N Cathode 
Five tests  of 1. 3 ft2 (Flight Size) cells were conducted at 200 ASF (three at 
30 psia and two a t  15 psia) and three tests  of the 0.325 ft2 cells were conducted 
a t  200 ASF and 15 psia. Lastly, a group of five special tests were conducted 
under a variety of conditions. Summaries for each of these groups of cells 
will follow. 
Tables have been prepared which summarize construction features,  
operating conditions, and cell performance. In each case the table of cell con- 
struction shows the type of electrode and, when appropriate, type of backing 
materials  used on the LAB-40 electrode. The separator material  used in the 
anode, cathode, and electrolyte compartments of each cell was explained in 
Table XVIII, The method of attaching the current  collector to the electrode and 
the type of epoxy used for  potting of the cell  a r e  tabulated. When the "UCC" 
epoxy i s  stipulated, i t  re fers  to the 277412793 mixtures. This table also shows 
the time to the f i r s t  leak and the average leakage. The average leakage is ob- 
tained by integrating all electrolyte leakage from time zero until time the voltage 
level falls to 0. 780 volt and dividing by the time increment. 
The table of operating conditions shows the cell type, operating 
p ressure ,  initial voltage, voltage a t  t ime when cell was removed f rom test,  
life to 0, 780 v and total time that the cell remained on test. Initial and final 
p ressure  drops of the electrolyte and gases and the initial and final internal 
resistance values a r e  included. The failure modes shown here  a r e  associated 
with anine-point failure mode index developed by Union Carbide for analysis of 
cell  tests. 
Finally, the table of cell performance shows the activation date, the 
peak voltage output, the cell voltage a t  100 h r  and 200 h r  increments there-  
after until voltage level reached 0. 780 v or  the voltage level at  termination i f  
in excess of 0. 780 v. The lifetime to 0. 780 v is  the actual number of hours 
that cell  voltage level exceeds 0, 780 v. The lifetime degradation of 8 mv/200 h r  
and 40 mv/1000 h r  a r e  based on smoothed data curves. Task I Milestone 1 
answers the question of whether the initial o r  peak voltage was equal to o r  ex- 
ceeded 0. 900 v, and pi les tone  2 answers the question of whether the actual vol- 
tage degradation rate  was equal to o r  less  than 20 mv during the f i r s t  500 hrs .  
These data a r e  based on the actual daily measurements and not on smoothed 
data. The cause of failure shown here  is the actual explanation of the cell fail- 
u r e  and is  more  definitive than the failure modes shown on tables delineating 
operating conditions. 
Envelopes for the initial and 500 hr IRI (internal resistance included) 
polarization curves were generated from the f i rs t  fifteen life tes t  cells *< operated 
at 200 ASF, 15 psia during Task I of this contract. These curve envelopes 
a r e  used a6 a guideline of acceptable cell performance. Polarization data falling 
outside of these envelopes a r e  shown. If all  curves a r e  within the envelope, no 
graph i s  presented. 
3. 2. 4. 1 118 ft2 Cells Operated at 200 ASF and 15 psia 
Approximately half of cells tested under this contract were 
of the 118 ft2 design operated a t  200 ASF and at atmospheric pressure.  Thirty- 
s ix cell  tests of this type were conducted, of which 15 were all LAB-40 type 
and 21 were hybrids using the Union Carbide T-2 anode coupled to the LAB40  
cathode. Cell construction, operating conditions, and performance can be seen 
in Tables XX, XXI, and XXII, 
Of these 36 cells,  nine (3 of LAB-40 and 6 hybrids) met  Task I 
Milestone 1 (initial voltage level equal to or  exceeding 0. 900 v) and fifteen (3 
LAB-40 and 12 hybrids) met  Milestone 2 ( less  than 20 mv degradation per 500 
hours).  Four Cells met  both cr i te r ia  (A-043, A-055, A-066, and A-077). Mile- 
.-. 
,I- i. e. , Cells A-015 to A-087 
T A B L E  XX 
CONSTRUCTION F E A T U R E S  A.ND LEAKAGE D A T A  F O R  
1 /8 f t 2  C E L L S  T E S T E D  A T  200 A S F ,  15 psia 
--
-- 
_=~=-~=__-===---==__+-~=_7=====-~~z.~=___._ __.. _ __.______ 
Leakage 
Sopa ra to t  Cathoda Anode T lme  to  F l r s t  ~ v e r a g e ' l )  T lme  t o  Flrmt ~ v e r a ~ s ( "  
Cell No. Anndo Type Cqthodo Type Calhodo Anode Electrolyte  Cur ren t  Col lcctor  Epoxy Lcak (Hrn)  ( m l l h r  * It') Laak (Hrm) ( m l l h r  . it1) 
A015 LAB-40nd* LAB-4Ond S-  I S -  I S - 2  Sl lver  Epoxy IJ CC I 22.0 1 2.00 
A021 LAB-40nd LAB-40nd S -  l S- I S-2 Sl lver  Epnxy UCC I 6. 8 I I. 90 
A022 LAB-4Ond LAB-40nd S-  I S-  I 5-2 Sl lver  Epoxy UCC I 10.0 I 1.20 
A043 UCC-T-2 LAB-40nd S-  I S-  I 5-2 Si lver  Epoxy UCC I 3 7 . 0  1 . 30 
A055 LAB-40(A-11) LAD-40 (A-I l l  S-6 S- 1 S - 2  Sl lver  Epoxy UCC I 5. 6 I . 4 0  
A059 UCC-T-2 LAB-40 (A-11) 5-6 S-  I S-2 Sl lvcr  Epoxy UCC 480 6. 5 1 I. 10 
A060 UCC-T-2 LAD-40 (A-I11 5-6 S-1 5 - 2  Sl lver  Epoxy UCC I 36.0 200 - 0 5  
A066 UCC-7-2 LAB-40 (A-11-2) 5-7 S-  l 5 -7  Si lver  Epoxy UCC I I. Z I . 7 0  
A068 LAB-4QIA-11-2) LAB-40 (A-11-2) 5-7 S-  l S-7 Sl lvcr  Epoxy UC:C 570 1 .0  . 0 2  
A071 UTC-T-2 LAB-40 (A-11- 1) S-7 S-  I S -7  Si lver  Epoxy UCC 240 . OR I . I2 
A075 LAB-4OlA-11-1) LAB-40 (A-11-1) 5-7 S-  1 5 -7  Sl lver  Epoxy UCC 240 . 2 0  0 
A077 UCC-T-2 LAB-40(D-11-4) S-7 S-1 5-7 Si lver  Epoxy U CC 140 3. 00 I . 0 5  
A079 LAB-40(B-11-4) LAB-40(B-11-4) 5 -7  S -  l 5-7 Sl lver  Epoxy U C T  240 3. 10 1 - 0 1  
A081 UCC-7-2 LAB-40 (143-A) 5-7 S-1 S-7 Sl lver  Epoxy UCC . 02 - 0 2  
A087 UCC-T-2 LAB-40 (143-B) S-7 S-  l 5 -7  Sl lver  Epoxy UCC 1 6.40 I . I4 
A100 VCC-T-2 LAB-40 (8-11-4) S-7 S-  l S-7 SIlver Epoxy UCC I 3. 2 1 1.60 
A101 UCC-T-2 LAB-40 (79-1) S -6  S- l 21s-6) Seam Welded NI UCC 1 94.0~:) 0 
A102 UCC-T-2 LAB-40179-2) S-h S-  I S-6 Seam Welded N1 UCC 1 69. 0(11 1 , 0 4  
A103 UCC-T-2 LAB-40 (1438)  9-7 S-  I S-7 Silver Epoxy UCC 0 
A104 UCC-T-2 LAB-40 (143A) S-7 S-  1 5 -7  Sl lver  Epoxy UCC I 13. 5 I .26 
A105 LAB-4O(A-11-2) LAB-40 (A-11-2) S-8 S-8 S-R Scam Welded Nl UCC I . 0 9  I . 17 
A107 UCC-T-2 LAB-40 (A-11-2) S-9 S-9 S-9 Seam Welded Ag Hynol 1 
A109 UCC-T-2 LAB-40 (8-11-4) S-9 S-9 S-9 Seam Welded Ag Rlng 101-F 250 
A l l 0  UCC-T-2 LAB-40 (8-11-4) S-9 S-9 5 - 9  Seatn Welded Ag Ring 101-F  225 18.0 625 2.70 
A l l 2  LAB-40(B-11-4) LAB-40 (0-11-4) 5 -6  S-6 Z(S-6) Sean, Welded Ag R i n ~  101-F No t e m t  
A113 LAB-4O(A-11-2) LAB-40 (A-11-2) 5 -9  S-9 5 -9  Seam Welded Ag Rezolln 100 ' 4 .6  I 5. 70 
A114 UCC-7-2 CAB-40 (A-11-21 S-9 S - 9  S-9 Scam Welded Ag Rezolln 1 7. 3 0 
A l l 6  UCC-T-2 LAB-40 (B-11) S -9  S-9 S-9 Seam Welded Ag Rezolln 450 17.4 I . 004 
Al  I7  LAB-40(B-11-4) LAB-40 (B-11-41 5 - 9  S -9  S-9 Seam Welded Ag Rezolln 70 0 I 0 
A l l 8  UCC-T-2 LAB-40 IB-11) S-9 S -9  S - 9  Seam Welded Ag Bjorkmlen/ I 
Rezolln 
A119 LAB-40 (C-11) LAB-40 (C-11) S-6 S- 6 S-h S c a m  Welded Ag R e ~ o l l n  425 
. 16 1 High 
0 70 0 
A120 LAB-40 (C-11) LAB-40 (C-11) S -6  S-6 S - 6  Seam Welded Ag Rerolln 625 0 1 a 16 
A113 UCC-7-2 LAB-40 (B-11) 5 -6  S - f> S-6 Seam Weldcd Ag ~ j o r k m t e n l  130 . 4  72 .50  
Reeolin 
A125 LAB-4O(C-11) LAB-40 (C-11) S - I I  S-11 S - I 0  Seam Welded Ag B ~ o r k s t e n /  I . 0 3  48 .02  
Rer.olln 
A126 LAB-4O(C-11) LAB-40 (C-11) S-11 S - l l  S - I 0  Spot Welded Ag Rlng 101-F No d a t a  
Rezolln 
A127 UCC-7-2 LAB-40 (C-11) S-I1 S - l  I S-10 Spot Welded Ag Rlng 101-F I 
Rezolln 
and No dealgnatlon beyond LAB-40 i s  avallnble for  the ea r l i e s t  Lnle of American Cynnamid eleclrodca 
( ' 1  Average leakaga I# obtained by Integrating a l l  KOH leakage f r o m  t lme r c r o  untll t ime  when voltage f e l l s  t o  0. 78 volt and divldlng by that  t lme  Increment. 
( * )  Hlgh leakage due to imprope r  preparation of cu r ren t  col lector  tab a r e a  durlng Iahrlcatlan. 
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stone 1 was not m e t  by any cel l  tested under Task 111, and Milestone 2 was not me t  
by any of the all-LAB -40 cel ls  tested under Task 111. Seven of the hybrid cel ls  
tested under Task I11 m e t  this second milestone. 
The performance of cel ls  tested under Task  I11 can be readily seen 
f rom Fig.  18 which shows the initial polarization curve envelopes of Task I and 
Task  111 cel ls .  F igure  19 also shows clear ly the rapiddeter iorat ion af te r  500 hours .  
Cel l  tes t  terminations were  due to a var iety of reasons,  and thirteen 
cel l  terminations had more  than one contributing factor.  Eleven of the cel ls  were  
terminated because of poor anodes (7  with LAB-40 anodes, and 4 with T-2 anodes), 
ten because of both poor anodes and cathodes (2 with LAB-40 anodes and 8 with 
T-2 anodes), eleven had cell  construction problems, six suffered f r o m  tes t  stand 
equipment problems, four experienced excessive leakage, and seven had high 
internal resis tance.  It i s  interesting to note that not one cell  fa i lure  was a t t r i -  
butable exclusively to  low cathode potential. 
Electrolyte leakage was one of the major  problems which plagued 
these tes t s .  Various construction changes were  made in an attempt to solve 
this problem, but a t  termination of the contract the problem had not been com- 
pletely solved, although some improvement was made. The leakage data in 
Table XX a r e  reported only during the t ime the cel l  voltage exceeded 0. 780 volt. 
In cer tain cases ,  a s  A- 119, the cell  never operated above this voltage, so  no 
leakage value i s  reported. 
In seve ra l  cel ls  operated during Task  111, an interesting phenomenon 
involving bubbling of Hz into the electrolyte was observed. Bubblingdhrough 
occurred even when the hydrogen p res su re  was l e s s  than the KOH pressu re .  
Initial Hz blow-through in the KOH a t  0 . 4  SCFH a i r  (normal  operating 
condition) was  observed on all  cel ls  f rom A- 116 to A- 125. This blow-through could 
be reduced by reducing the Hz flow. However, when cel ls  were  initially activated, 
Hz b l~w- th rough  would occur with no Hz purging a c r o s s  the anode (i. e . ,  only use 
ra te  being supplied to cell) .  This high initial blow-through continued for  a t  leas t  
severa l  days, and occasionally would stop some time between the fifth and tenth 
day. Both Union Carbide and Cyanamid anodes displayed this phenomenon. On 
one cel l  (A- 119) a humidifier was added on the Hz inlet, and the blow-through was 
greatly reduced. This phenomenon, which appears  to be a function of the wet- 
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proofing, has  been previously observed, studied, and reported by J. H. Fishman,  
R,  H. Kislow, and N. I .  Pa lmer  in  "Nature, I '  Vol. 211, No. 5056, p. 1401 (1966). 
In an attempt to determine i f  the porting ma te r i a l  o r  the actual wash- 
ing of the cel l  could be  the cause of this blow-through, 12 quick cel l  tes ts  were  
conducted. Six cells were  constructed using LAB-40 cathodes and T-2 anodes; 
and six,  using all-LAB-40 electrodes.  Cel ls  were  assembled and separated 
into three  equal groups,  each group containing two of the T-2 paired anodes. 
Smal l  pieces of the water  soluble plastic were  placed into the electrolyte and gas 
chambers  of Group I.  This group, plus Group 11, was washed with hot water for 
a period of 15 hours  and drained dry. As desired,  a l l  the soluble plastic was 
washed away. 
These tes t s  showed significant hydrogen blow -through occurring only 
on ce l l s  incorporating LAB-40 anodes. This i s  not t rue  of the standard NASA 
ce l l  t es t s ,  a s  both LAB-40 and T-2 anodes have shown comparable blow-through 
phenomenon. The quick cel l  t e s t s  which exhibited blow-through were  the follow- 
ing: the two cel ls  in which the water-soluble ports had been placed and washed 
-
away, the one cel l  which had been only washed, and the one untreated cell. These 
four ce l l s  a l so  displayed rapid voltage degradation of the anode. LAB-40 anodes 
were  initially poor in al l  instances.  
In the quick cel l  t e s t s ,  no separator  was used, s o  neither the blow- 
through nor the low voltage can be related to any type of separator  bubble - 
trapping phenomenon. 
These data  were  not well defined, and no definite conclusions regard-  
ing electrode t reatment  could be  drawn. A fur ther  experiment was conducted 
on a 118-ft2 special  half-cell  with a t ransparent  window to view the KOH channel. 
(See Special Cel ls  Section, page 102). This t e s t  proved that this blow-through 
phenomenon could in no way be related to the electrochemical performance of 
the cell ,  nor to the dissolvable port  mater ial ,  but could be  related to  the washing 
of the cell .  Cells A-126 and A-127 were  constructed with no washing of the elec- 
t rodes ,  and no blow-through was observed on ei ther  of these cel ls .  
This finding confirmed the suspicion that the washing of the electrodes 
caused the blow-through. 
The normal  internal resis tance of the 118-ft2 cel ls  operated a t  200 ASF 
and 15 psia was -0. 30 to 0. 35 mQ.f t2 .  Nine ce l l s  indicated initial high internal 
res i s tance  in excess of 0.40 m n .  ft2, and seven cel ls  had final internal resis tance 
in excess  of 0.  60 m a '  ft2. In four cel ls  the internal res i s tance  increased by a 
factor of two. 
Backing delamination was another problem that occurred on many 
of the m o r e  recently tested cel ls .  A limited number of ce l l s  a l so  suffered f rom 
inadequate electrolyte flow caused by a flow blockage probably related to this 
delamination problem o r  to  disintegration of the separa tor  mater ia l .  Cells A-125 
and A- 127 utilize a horizontal type separator  stick, and have displayed a high 
electrolyte-pressure drop. 
Nine cel ls  tested in this group exceeded 1000 hours  with a voltage 
degradation of l e s s  than 40 m v /  1000 hours ,  but none of these maintained this 
degradation r a t e  for  2000 hours .  The longest t e s t  was Cell  A-059 which operated 
for  2, 160 hours  to  a final potential of 0. 78 volt, and maintained a degradation 
r a t e  of l e s s  than 40 m v /  1000 hours  for 1. 728 hours .  
3. 2 . 4 . 2  118-ft2 Cel ls  Operated a,.t 200 ASF and 30 psia. 
Since there  i s  no reason why a device intended for  
/ 
use  elsewhere than on the surface of the ear th  should operate a t  a p res su re  of 
15 psia,  a group of eight cel ls  was built for  operation a t  30 psia. Considerations 
such a s  the change in chemical activity with p res su re  led us to  expect higher 
potentials f r o m  fuel cel ls  operating a t  higher p res su res ;  this proved to be the 
case .  Of the eight cel ls ,  only five ( three of the LAB-40 type, and 2 hybrids) 
were  actually operated a t  30 psia.  The remaining three  suffered f rom mechan- 
ica l  difficulties. Tables XXIII, XXIV, and XXV, respectively,  show cel l  con- 
struction, operating conditions, and performance of these cel ls .  
Of the five cel ls  that were  operated a t  30 psia, a l l  had an initial 
potential of 0. 920 volt. Cells A-074 and A-078 (the two hybrid cells)  were  the 
bes t  pe r fo rmers  of this group, with l ifetimes to 0. 780 volt of 2, 720 hours  
and 2, 368 hours ,  respectively. It should be noted, however, that because of 
excessive leakage a t  1, 152 hours  i t  was necessary  to remove Cel l  A-074 f r o m  
the p res su re  stand and to operate i t  a t  15 psia. Despite this change in operating 
p res su re ,  the cell  operated for  a longer period of t ime than any other ce l l  
tes ted under this contract.  
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The internal  resis tance of both these long-lived cel ls  increased by 
-50 per cent during tes t .  Electrolyte leakage occurred through the electrodes 
of a l l  cel ls  except through the cathode of A-089. This cell ,  however, was on 
t e s t  only 142 hours  when tes t  stand problems led to i t s  ear ly failure.  TWO cel l s  
in this five-cell  group failed because of t e s t  stand equipment; one because of a 
poor cathode, one because of a poor anode and excessive leakage, and one be- 
cause of disintegrating electrolyte separa tor  which caused a KOH flow blockage. 
F igures  20 and 21 show the initial and the 500-hour IRI polarization 
curves  for  the cel ls  operating a t  30 psia. No polarization data were  obtained on 
Cel l  A-083. The rapid degradation of Cell  A- 11 1 i s  v e r y  evident. I t  i s  not 
feasible to generate  a curve envelope for  these p res su re  cel ls  because of the 
l imited number tested. 
Task  I, Milestone 1, was m e t  by a l l  five of the cel ls  which were  
operated a t  30 psia,  but Milestone 2 was m e t  by only two cel ls  (i. e . ,  A-074 and 
A-078). 
3 .  2. 4. 3 Tests  under a Simulated System Load Cycle 
Four  hybrid s tacks (operated a t  15 psia) and one 
LAB-40 (operated a t  30 psia) were  tested under the load described in Table 
XXVI. 
TABLE XXVI 
SIMULATED NASA LOA,D CYCLE 
Time Current  Current  Density Time 
F r o m  To (amps 1 (Hrs  1 
0830 'hrs 0930 h r s  7. 5 63 1. 00 
The actual load cycle used in the t e s t s  differs somewhat in detail  f rom 
the NASA load cycle specified for  the 5-kW sys tem design. (NASA CR-72305. ) 
It has  the same  percentage of the operating t ime under the same loads a s  the 
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system specification requires ,  but the exact timing was  rear ranged for  conven- 
ience of single-shift operation of the t e s t  stands. This cycle was followed for  
five days each week, with operation on the weekend a t  124 ASF. Tables XXVII, 
XXIII, and XXIX show construction features ,  operating conditions, and perform- 
ance of these cel ls .  One ce l l  t e s t  (A-115) was conducted a t  30 psia  a s  opposed 
to 15 psia  for  the other load cycle tes t s .  This p res su re  t e s t  was the only cel l  in 
this group which m e t  Task I, Milestone I. Milestone 2 was m e t  by a l l  except A-069 
which suffered internal damage caused by a pump fai lure  a t  356 hours.  
All but cel l  A-069 behaved quite uniformly with life t imes  to 0. 780 v 
of -2000 hours: initial voltage of -0. 88 v a t  15 psia; voltage degradation during 
major  portions of tes t  l e s s  than 8 mv per 200 h ~ u r s ;  high leakage through both 
electrodes (except anode of p res su re  cel l ) ,  and internal res i s tances  of -0. 3 mS2.ft2 
throughout life test .  Cel l  A-090 maintained this resis tance level for  1700 hours  
and then increased drastically.  Fur the r  indications of acceptable cel l  perform- 
ance and low voltage degradation can be seen in Fig.  22. This figure shows 
that the initial polarization curves  of a l l  cel ls  (except A-084) fall  within the 
envelope of the initial, normal  polarization curves .  Cell A-084 deviates only 
slightly f r o m  the envelope a t  high cu r ren t  densit ies.  
The T-2 anodes in  the cyclic-operated ce l l s  appeared to leak much 
m o r e  than those tested a t  200 ASF continuously. Leakage through al l  the cathodes 
was high and sporadic. 
3. 2 . 4 . 4  118-ft2 Cel l s  a t  100 and 300 ASF 
The majori ty  of ce l l s  under this contract  were  tested 
a t  a cu r ren t  density of 200 ASF. Except for  the NASA duty cycle t e s t s  described 
in the preceding section, only five other t e s t s  were  intentionally c ~ n d u c t e d  a t  
cu r ren t  densit ies different f r o m  the normal  200 ASF. These tes t s  included three 
a t  100 ASF (one LAB-40, one hybrid, and one with a ChemCell cathode and a Union 
Carbide T-2 anode) and two a t  300 ASF (one LAB-40, and one hybrid),  C ~ n s t r u c -  
tion fea tures ,  operating conditions and cell  performance can be found in Tables 
XXX, XXXI, and XXXII. 
The number of ce l l s  running a t  these various cu r ren t  densit ies was 
too l imited to permit  any conclusions to  be drawn about electrode quality, except 
in the c a s e  of the ChemCell cathode, which was clear ly unacceptable. I ts  initi8l 
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voltage level was low, degradation was rapid, internal resistance was high 
and cathode 1ea.kage was exorbitant. The cathode leakage rate of all three of 
the cells operating a t  100 ASF was very high. Voltage degradation of the cells 
operating at 300 ASF was rapid. 
The poor performance of the Chemcell and the cells operating at 
300 ASF is  very evident f rom Figs. 2 3  and 24. All cell  failures (except A-072) 
were in some manner related to test  stand equipment, Diagnostic tests  were 
not conducted, so it is  not possible to determine which electrode was more  
effected by the equipment failure. 
Of the cells operating at 100 ASF Task I, Milestone 1, were met  
by the LAB-40 and the hybrid cells while Milestone 2 was me t  by only the 
LAB-40 cell. Task I, Milestone 1 ,  was met  by the LAB-40 cell  operating at 
300 ASF. Neither of the 300 ASF cells .met Milestone 2. 
3. 2. 4. 5 Small Cells Using T-3N Cathodes 
Four cells using Union Carbide type T-3N cathodes and 
T- 2 anodes were tested during the program. A l l  four cells fell below accep- 
table NASA standards (peak voltage: 0. 840 v,  max. lifetime: 195 hours to 
0. 780 v),  Tables XXXIII, XXXIV, and XXXV show c ~ n s  truction features,  
operating conditions and performance of these cells. Initial low voltage was 
not unexpected a s  these cells used a new type of experimental electrode, Diag- 
nostic tests at termination showed that two cells had poor cathodes, one a poor 
anode and one with both electrodes poor, Increasing internal resistance of 
the cells was also noted as  the tests  progressed. This i n c r e a ~ e  in internal r e -  
sistance was probably due to one of the following reasons : 
1. The active materials  separating from the Ni facing, thus 
causing poor electrical contact; 
2. Oxidation of the porous nickel or;  
3 .  Loss of contact of the welded tabs. ,  
Electrolyte leakage through the electrodes was low, but the cells 
were not on test a sufficient length of time to form any definite conclus i~ns  re -  
garding the leakage problem. 
A break-in period was required for the T-3N cathodes, so a special 
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start-up procedure was adopted. On start-up, the entire group was placed 
on open circuit for 12 hours followed by another 24 hours a t  whatever current  
density all could easily sustain, and then the cells loaded to 200 ASF at an O2 
inlet pressure  of 10 to 15" w. c. for 48 hours, O2-inlet pressure  was then 
periodically increased in 24 or  48 hour increments until 65" w, c. of O2-inlet 
pressure  was attained. Cells were then operated continuously at the oxygen- 
inlet p ressure  giving the best performance. 
After the conclusion of these four tests ,  NASA directed that the 
development of the T-3N cathode be changed from the Ni  substrate to use only 
A g  as  a plaque material.  This change was reflected in the work previously 
described under "High Platinum Loaded Cathode. I t  How ever,  development 
was not carr ied to the point where further 118 ft2 cell tests  were warranted. 
AS can be seen from Fig. 25, polarization data on these cells(both 
IR-free and IR-included) were well below the average of other cells tested under 
the contract, 
3. 2. 4, 6 Flight-Size Cells 
Five of the larger  flight-size units (two hybrid and three 
LAB-40) were tested under this contract. Flight-size units utilize four pairs  
of 0. 3 25 f t 2  electrodes connected in parallel giving a total active a r ea  of 1. 3 ft" 
per stack. Three of the tests were conducted at 30 psia and two at 15 ppia. The 
three pressure  cells all had initial voltage levels of-0, 900 v and two had degra- 
dation rates  of less  than 20 mv during the f i r s t  500 hours. Figures 26 and 27 
show the IR-included polarization curves initially, and after 500 hours on test 
for all "Flight-Size" Cells. The initial polarization data on Cells A-201 and 
A-203 were not taken until cells had been running for over 330 hours,  so this 
could explain why the initial polarization level of these cells i s  lower than that 
of A-205, 
The performance of this entire group was uniform with cells main- 
taining a fairly stable voltage level followed by a steep decline, Construction, 
operating conditions, and performance of these cells can be seen in Tables 
XXXVI, XXXVII, and XXXVIII. An oxygen circulation problem as  can be seen 
f rom the excessively high final oxygen pressure  drop data (Table XXXVII) , 
occurred in each cell  tested in this group. This problem was probably caused 
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by delamiqation of the cathode backing into the separator space. This argument 
i s  supported by the fact that upon disassembly of the cell a definite "quilting" 
pattern associated with the separator could be seen on the backing of the LAB-40 
electrodes. 
Electrolyte leakage occurred through all the electrodes, with A-204 
displaying the least amount, The internal resistance of all cel ls ,  except A-204, 
increased 25 to 50 percent during life test. 
Task I, Milestone 1, was met  by the three pressure  cells and 
Milestone 2 was met  by all cells. 
3. 2.4.7 0.325 ft2 Cells 
Three cells (two hybrid and one LAB-40)of the 0. 325 ft2 size 
were constructed and tested. This special cell size was intended primarily to 
check certain cell construction features intended for flight-size cells rather 
than to life tes t  electrodes. These cells use electrodes of the same size as  the 
flight-size cells but only one anode-cathode pair is  included instead of the four 
in the flight-size cells,  After only three hours,  the one LAB-40 tes t  (A-214) 
had to be terminated because of excessive electrolyte leakage 
through a delaminated backing on the anode. Another test ( A -  215) lasted approx- 
imately 330 hours when a weak cathode and high internal resistance caused its 
removal. The third test  (A-212) in this group had low voltage degradation for  
over 1900 hours and then experienced rapid decay. This cell did, however, have 
a low initial voltage level. This fact can be seen in Fig. 28 which shows its ini- 
tial IRI performance to fall outside of the established performance envelope. 
Its 500 hour performance was within the envelope. Cell A-214 also appears very 
weak, but this is  probably due to excessive leakage causing flooding of the active 
sites. Cell failure of A-212 was caused by a poor anode and high internal r es i s -  
tance. Construction features,  operating conditions and cell performance can be 
found in Tables XXXIX, XL, and XLI. 
Electrolyte leakage through all the electrodes was very high. 
P ressure  adjustments of the inlet gases on Cell A-21 2 did appear to have some 
beneficial effects on reducing the leakage rate. The internal resistance had 
more  than doubled a t  the end of test. Task I, Milestone 1, was not met  by any 
of these cel ls ,  while Milestone 2 was met  by Cell A-212. 
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3. 2. 4. 8 Special Cells 
In addition to the various types of standard cell  t e s t s d i s  - 
- 
cussed previously, five special  tes t s  were  conducted and each i s  treated 
separately here .  Construction, operating conditions and performance of these 
cells can he seen in Tables XLII, XLIII, and XLIV. F r o m  Fig. 29 and 30 showing 
the envelopes of init ial  and 500 hour IRI polarization curves,  i t  is  easy to see  
that cer tain cells were  very weak. 
As noted previously, some of the ear ly cells tested under this 
contract showed the w et-proofed backing was separating f r o m  the active portion 
of the LAB-40 electrodes.  Because of the numerous accidental tes t  stand shut- 
downs which had occurred in the ear ly stages of this program,  there was a 
question a s  to whether this separation might be due to age or  to temperature 
cycling. A second and m o r e  important question a rose  a$ to whether this thermal 
cycling might have a deleterious effect upon cell  performance. Cell A-051 was 
run to evaluate these problem areas .  
Typically, this cell  was operated for about 16 hours (overnight) a t  
200 A S F .  Each morning i t  was placed on open circui t ,  the heater  shut off, and 
water  circulated t h r ~ u g h  a Ni cooling coil  immersed  in the electrolyte tank, s o  
that the unit was brought to between room temperature and 34°C by about noon. 
Then the cooling water was turned off, the hea ter  turned on again, and the sys -  
tem brought back to 90°C by late  afternoon a t  which time the load was reapplied 
for the next load cycle. 
Initially, the cell showed 0. 895 v; but f rom 60 to 133 hours  on load 
(163 hours  on t e s t ) ,  the potential was 0, 90 v and then i t  began to drop slowly. 
After 3 2 thermal  cycles (1 ,  123 hours  on test ,  944 hours a t  200 ASF), the cel l  
s t i l l  showed 0. 825 v. At that t ime cycling was discontinued and the stack p e r -  
formance was followed a t  200 ASF continuous duty. The potential continued to 
drop a t  about the s a m e  ra te  a s  i t  had done while on the cycling tes t ,  falling 
below 0. 78 v after some 1,370 hours  under load; 1 ,527 hours  on test ,  At 1 ,452 
hours  (0. 73 v)  dilute gas tes ts  showed the anode performance had dropped off 
much m o r e  than the cathode. This dilute gas tes t  resulted in rejuvenation of the 
cell  to 0. 88 v. However, this improvement did not las t ,  and a t  1 ,478 hours 
(0 ,80  v ) ,  the stack was removed for washing and drying. Upon re turn  to tes t ,  
i t  showed only 0. 69 v ,  so  the load was reduced to 100 ASF, giving 0. 855 v. 
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By 1,498 hours ,  the potential was down to 0. 78 v ,  and after 1 ,522 hours under 
load (1 ,  678 hours on tes t ) ,  the unit was removed a t  0. 70 v. Jus t  before removal,  
another se t  of dilute gas tests showed the anode to be very weak; when the dilute 
112 was substituted for the 100 percent  Hz, the stack potential dropped to zero 
in about 70 seconds. 
While the stack was s t i l l  functioning well (a t  805 hours  under load),  
i t  was used to obtain interrupter  readings atdifferent temperatures  and thus 
allow estimating the temperature dependence of both the voltage and electr ical  
resistivity.  The curves a r e  shown in Fig. 3 1 . These a r e  the values obtained 
for  the resistivity a s  follows: 
Temperature ( "  C): 3 6 4 5 6 5 90 
Resistivity (milliohms ft2):  0. 84 0. 60 0. 47 0. 34 
The temperature dependence of the resistivity i s  not l inear ,  nor 
even sirinple , and was therefore not evaluated analytically. The temperature 
dependence of the potential i s  also not s imple,  but i t  ir: mos t  marked  a t  the 
lower temperatures;  l e s s  s o  a t  the higher end of the scale  of interest .  To 
a f i~s t ,approximat ion ,  one may  take bV/AT = 3 m v  1°C between about 50" and 
90°C, 
In this particular tes t ,  thermal  cycling had no effect on backing 
delamination. However, many subsequent tes ts  operated a t  constant temperature 
showed delamination of the LAB-40 backing. The relationship between thermal 
cycling and- delamination remains clouded since the fabrication his tory of the 
LAB-40 electrodes var ied f rom lot to  lot. . The question of whether this cycling 
has  an adverse effect upon cell performance i s  also not easily answered. This 
ce l l  did degrade somewhat m o r e  rapidly than the majori ty  of ear ly cel l  t e s t s ,  
but degradation was fairly uniform and did not accelerate  until cycling had 
ceased and cell  was operating under constant conditions. Anode leakage was low; 
cathode leakage, high. Very little change was noted in internal r e s i s t a w e .  
Task I, Milestone 1 ,  was me t  but Milestone 2 was not. 
As previously mentioned (e. g. , Cell A-051) after performing a 
dilute gas tes t ,  cell  voltage frequently increases .  ( A  dilute gas t e s t  consists 
of separately and sequentially substituting a i r  for oxygen and a 15 percent 
hydrogen - 85 percent  argon mixture for hydrogen. ) Cell A-099 was operated 
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in a routine manner a t  200 ASF but subjected to a weekly dilute gas test. This 
test  proved that although a slight temporary voltage improvement may be ob- 
served, a much more  rapid decline will follow. This cell suffered extremely 
rapid decay immediately following the fourth dilute gas test. Periodic dilute 
gas tests were very detrimental to the T-2 anode. Puring life test this cell  
also suffered from poor electrolyte flow. Electrolyte leakage on this cell was 
extremely low. Internal resistance increased by "70 percent. Task I, Milestone 1, 
was met  but not Milestone 2. It may well be that the LAB-40 anode would be- 
have differently than the T-2 anode on a similar cycle, but this possibility was 
not examined. 
Another special cell  was A-122 which was tested in a horizontal 
position to reduce the hydrostatic head and thereby improve the pressure  balance 
between gases and electrolyte, thus reducing leakage. We were able to control cathode 
leakage but the anode leakage was excessive after "525 hours. This was a poor 
performing cell both f rom the standpoint of low initial voltage and rapid decay. 
Neither Task I Milestone was met. The very poor performance of this cell  
continued until a t  715 hours an accidental admittance of argon gas into the hydro- 
gen manifold caused a marked improvement in the cathode performance. Cell 
voltage increased dramatically f rom 0. 582 v to 0. 883 v (the highest voltage 
level the cell had ever attained) and did not suffer from another rapid decline 
until "1 250 hours. At this time, cell failure was because of a poor anode. Inter- 
nal resistance increased "30 percent. 
Another special cell test  designed to study the leakage problem was 
the "Gulton" cell. This cell was a small 2- 1 / 8  inch diameter cell which was not 
potted but rather  was held together by mechanical means. The electrode edge 
seals  were made by Gulton Inudstries using a proprietary elastomer which i s  
molded directly to the electrode. We were able to control the electrolyte leakage 
through the electrodes by adjusting the gas pressures  to equal the electrolyte 
inlet pressure.  F-rom an electrochemical standpoint this cell was poor, but not 
surprising. Because the cell was built using existing Gulton molds a very large 
KOH gap ("0. 125") resulted, and, consequently, the cell had high internal res is -  
tance. The maximum current  density at which it could operate was only 122 ASF. 
Internal resistance was initially three times higher than average and increased 
by approximately 40 percent. Cell testing was ultimately terminated due to a 
very weak cathode. 
One special half-cell was constructed to study the hydrogen blow- 
through phenomenon which occyrred on all cells constructed from A -  1 16  to 
A- 125. All these cells utilized water soluble ports in cell construction, and 
it was suspected that the dissolving of port mater ia l  or  the water washing of 
the cell  rather than any e~ectrochemical  proper ties contributed to the anoma- 
lous blow-through. To explore this,  a cell  was constructed consisting of a 
Hz gas space with separator ,  anode, electrolyte space with horizontal serpen- 
tine stick separator and end plates. The original intent was to use no water 
on these electrodes, to study the blow-through, then to wash and restudy. 
However, excessive electrolyte leakage necessitated washing of the cell 
initially so repairs  could be made. This half -cell  was then put on test and 
blow-through was detected immediately, The test  proved that this phenome- 
non could in no way be related to the electrochemical performance of the cell 
nor to the dissolvable port material ,  but it could be related to the washing 
of the cell. Two la ter  cell  tes ts ,  A - 1 2 6  and A- 127, appeared to confirm this 
finding. Neither of these cells were washed and no anomalous blow-through 
was experienced. 
3. 3 Mater ials  Corn~at ibi l i tv  
Materials of potential use  in cell  fabrication were  tested for com- 
patibility with electrolyte in Ni cylinders containing 200 m l  of 12 N KOH. These 
cylinders were  heated a t  100°C for  one week. Tested mater ia l s  were  removed 
f r o m  the electrolyte,  carefully washed and dr ied ,  and investigated for  any changes 
in  physical properties.  The electrolyte was examined for changes in surface 
tension, equilibrating molar i ty  and chemical contamination. Other Union Carbide 
supported work subsequently, indicated that the surface tension of the KOH had 
no deleterious effect upon cell  life o r  performance,  and this t e s t  was deleted on 
some la te r  samples. 
F r o m  the ent i re  group of 65 samples  tested, only the following twelve 
samples  were  clear ly unacceptable because of physical deterioration: 
1 ) Phenoxy A; 2) polypropylene woven- sc reen  Lamports No. 7700; 
3)  Panelyte No. 164; 4) Epoxy No. 19 (Jones-Darney 5 101 and Shell 871 with 
Z hardener) ;  5 )  Epoxy Flex  Bar X7050; 6) polyurethane diaphragm; 7) poly- 
isoprene diaphragm; 8)  Hypalon diaphragm; 9)  Silastic RTV 73  2; 10) Delrin; 
11) Dynel cloth and 12) Dynel wool. 
It may be noted that a la rge  number of epoxy samples were  tested in 
the hope of finding a r e s i n  which would contribute to the solution of the cell  leak- 
age problem. The majori ty  of epoxies tes ted,  however, showed no appreciable 
deterioration and a s  f a r  a s  this tes t  was concerned appeared quite comparable. 
Results of the compatibility tes t s  a r e  summarized in Table XLV. 
TABLE XLV 
MATERIALS COMPATIBILITY TESTS 
KOH 
KOH Surface Concen- Weight 
Tens ion tration Change 
Materials Tested (dynes / c m )  (M) ( % I  Comments 
Ni Crucible 114. 3 13. 8 - - - - -  
Unannealed Polysulfone 114. 0 15. 5 - - - - -  No obvious physical 
changes, KOH' clear.  
Annealed Polysulfone 114. 2 15. 4 - - - - -  Ibid 
Kel-F 116. 1 14. 9 -0. 05 Ibid 
(Continued) 
KOH 
KOH Sur face  Concen- Weight 
Tens  ion t ra t ion  Change 
M a t e r i a l s  Tes ted  (dynes / c m )  (M) ( % )  
G. E. P P O  Hi  Frequency  1 14. 0 13. 6 -0 .02 
Insula ted 68 1 - 1 1 1 (Poly-  
phenylene Oxide) 
PPO-Buff Color-No. 53401 11 3. 8 14. 0 -0.04 
Pen ton  114.4 14. 3 +0, 003 
UCC Epoxy (15 g No. 2774, 114. 6 14. 0 +O, 35 
5 g No. 2493) 
UCC Epoxy (50 g No. 2774, 102.4 13. 9 +O. 49 
14.5 g No. 0822) 
UCC Epoxy (25 g No. 2795, 107. 3 13. 8 +O. 53 
7. 25 g No. 0822) 
50% UCC 2774 and 0822 
(10:3) with 5070 UCC 
2774 and 2793 ( 4 : l )  
UCC Epoxy 2774 and ZZLB-  
0325 (7:3)  
UCC Epoxy 2774 and ZZLB-  
0340 (7:3) 
UCC Epoxy 2774 and 2793 
Ha rdene r  (3 : 1 ) 
Rezolin Epoxy 
P a u l  Lecher  Kunststoff Chem. Co. Inc. 
12. 5 g r a m s  Blend "A" E POXY 
2.4 g r a m s  916 AD Hardene r  
C ommen t s 
1bid 
Ibid 
Ibid 
Ibid 
Phys ica l  appearance  
w a s  changed f r o m  
t r ans lucen t  whi t ish  
to  t r ans lucen t  yellow- 
ish. No detectable  phy- 
s i c a l  changes.  KOH c l e a r  
Ibid,  except  accom-  
panied by ve ry  s l ight  
swelling. 
Slight  yellowing of 
m a t e r i a l ,  mot t led  
whit ish coating fo rmed  
around outside diamete ter , 
s o m e  sur face  roughen- 
ing. 
Slight  darkening of 
co lo r ,  s l ight  roughen- 
ing and pitting of s u r -  
face .  
Slight darkening of 
co lo r ,  no other  obvious 
physical  changes. 
C l ea r  s amp le  yellowed 
sl ightly in  color.  No 
o ther  obvious physical  
changes. 
Yellow samp le s  da rken-  
ed sl ightly in color.  
No o ther  obvioys $hysi- 
c a l  changes. 
(Continued) 
KOH 
KOH Surface Concert7 Weight 
Tension t ra t ion Change 
Ma te r i a l s  Tested (dynes / c m )  (M) ( % )  Comments 
Rezolin Epoxy 
Pau l  Lecher  Kunststoff Chem. Co. Inc. 
10 g r a m s  No. L930 Epoxy 
6 g r a m s  No. L930 Hardener  
Color change f r o m  
meta l l i c  g ray  to a dull  
gray. No other obvious 
physical  changes. 
D. Ring Chemical  Co. Epoxy -0.55 
10 g r a m s  No. 101 Epoxy 
5 g r a m s  No. E Hardener  
D. Ring Chemical  Co, Epoxy 
10 g r a m s  No. 101 Epoxy 
5 g r a m s  No. F Hardener  
D. Ring Chemical  Co. Epoxy -0.05 
10 g r a m s  No. 100 Epoxy 
5 g r a m s  No. E Hardener  
D. Ring Chemical  Co.Epoxy 
10 g r a m s  No. 100 Epoxy 
5 g r a m s  No. F Hardener  
Dm Ring Chemical  Co. Epoxy 
13 g r a m s  No. 100 Epoxy 
11 g r a m s  No, A Hardener  
D. Ring Chemical  Co. Epoxy 
10 g r a m s  No. 100 Epoxy 
5 g r a m s  No. A Hardener  
All  Bond Epoxy ( 1 : 1 ) 
Allaso P roduc t s ,  
Bra in t ree ,  Mas gachusetts  
Color change f r o m  
yellow to orange. No 
other  obvious physical  
changes. 
Ibid 
Ibid 
Color change f r o m  
yellow to  da rk  yellow. 
No other  obvious physi- 
c a l  changes. 
Submitted sample  was  a 
c l ea r  tacky flowable 
s lu r ry .  I t  was  sp read  
on a polysulfone shee t  
and put on test.  When 
removed f r o m  t e s t  
sample  had become 
f i r m  and rubbery.  Weig- 
h t  l o s s  could be due to  
cur ing o r  a portion of 
the  sample  could actual-  
ly  have flowed off the 
polysulfone c a r r i e r .  
Sample changed f r o m  a 
t r anspa ren t  yellow to  
a t rans lucen t  yeJ1.o~. 
No other  obvious phy- 
s i ca l  changes. 
Ibid 
KOH 
KOH Surface Concen- Weight 
Tension tration Change 
Material Tested (dynes / cm) (M) ( % )  
All Bond Epoxy ( 2: 1 ) 
Allaso Products 
Braintree, Massachusetts 
Shell Epoxy 8 15 (9 2%) with 
Armstrong Activator A (8%) 
Carboline XA5 1 Mix, 
15 g Adhesive, 15 g 
Catalyst 
Baked Carboline Epoxy 100. 8 
on Polysulfone 
Teflon Rods 114. 5 
Nylon Rods 116.0 
Natur a1 Polypropylene 97. 6 
Tubing; Mfgr : Allied Resin 
Comments 
Color change from 
yellow to orange, no 
other obvious physi- 
cal changes. 
Slight yellowing of 
material ,  whitish 
coating formed around 
outside diameter,  no 
other obvious physical 
changes. 
Physical appearance 
from a shiny dark blue 
to dull gray. Some 
slight swelling. No 
other obvious physical 
changes. KOH clear. 
Physical appearance 
f rom a shiny black to 
a dull gray with dark 
patches. KOH clear. 
Physical appearance 
came slightly more  
white a s  though slight 
clearing occurred. No 
other obvious physical 
changes. KOH clear. 
Material showed a 
slight yellowing. No 
other obvious changes. 
KOH clear. 
Physical appearance 
was changed from 
translucent white to 
translucent yellow. 
No other obvious 
changes. KOH clear. 
(Continued) 
KOH 
KOH Surface Concen- Weight 
Tension tration Change 
Materials Tested (dyne s / cm) (MI ( % I  
Polypropylene Electro- 111. 6 14. 3 -0. 23 
lyte Spacer 
Rulon A 
Type 304 Stainless Steel 11 5. 1 
Handy and Harmon 116.6 
No. 630; Braze on Ni-200 
Sheet 
Ni Screen-Chore Girl  113. 6 
Fluor oloy 73. 8 
ABS 68. 4 
Impolene (Polypropylene) 74. 6 
Tubing-Natural; Mfgr : 
Imperial- Eas trnan 
Comments 
Physical appearance 
f rom clear t rans-  
parent grid to slightly 
yellowish, more  opa- 
que grid. No obvious 
strength or  dimension- 
a l  changes. KOH clear. 
KOH did not readily 
wash off when handled 
in normal manner. 
Crystals  adhered to 
surface upon drying. 
Diam. increase of 0.77%. 
Color change: dark red 
to mottled red. KOH 
clear.  
No obvious physical 
change. Gray coating 
on surface easily 
wiped off. Yellow 
color imparted to KOH, 
No obvious physical 
change. Milky color 
imparted to KOH, 
Material discolored 
(as  oxidation) and 
embrittled KOH clear. 
No obvious physical 
change. KOH clear. 
Physical appearance 
from shiny reflective 
black to dull ma t  black. 
Slight swelling ( -1. 570) 
in thickness. No other 
obvious change. KOH 
clear. 
No obvious physical 
change. Slight yellow - 
ish stain on material. 
KOH clear.  
KOH 
KOH Surface Concen- 
Tension tration 
Materials Tested (dynes / cm) (M) 
Impolene (Polypropylene) 66. 8 14.4 
Tubing- White; Mfgr : 
Imperial- Eastman 
Air - Dried Carbonline 81. 4 15. 0 
Epoxy on Polysulfone 
Air-Dried Neoprene 114. 6 12. 9 
Cement(B. F. Goodrich) 
on Polysulfone Sheet 
Epoxy No. 8-A; 115.5 14. 2 
Maraset 124-C with 
No. 75 Hardener 
Ethylene P r  opylene 
Diaphragm 
AiRes earch Division 
Garret t  Corp. 
Ni Stranded Wire 
Welded to Ni Tab 
Styrene with 40% Fiber  108. 7 
Glass 
Liquid Nitrogen 
Processing Corp. , 
Malvern, Penna. 
Expanded Nylon, 105. 6 
Code 10, 65 - 1 Stabilized 
Exmet Corp. , 
Bridgeport, Conn. 
Weight 
Change 
( % I  
-0.40 
Comments 
No obvious physical 
change. Slight yellow- 
ish stain on material.  
KOH clear. 
Physical appearance 
from shiny black to 
dull gray with black 
patches. KOH clear. 
No obvious physical 
changes. KOH clear. 
Ibid 
No obvious physical 
changes of material.  
KOH has tiny white 
particles suspended 
in i t  and had a rubber- 
like odor. 
Weld showed no sign of 
deterioration. Ni 
stranded wire corroded 
to a brownish color as  
of nickel oxide. 
Color changed from tan 
to white. Surface be- 
came rough. Swelling 
of -77'0. KOH clear. 
Postmortem of two 
NASA cells incorporat- 
ing this material  as  
KOH separator reveal- 
ed i ts  disintegration. 
These cells were on 
tes t  1100 and 1800 
hours. No indication 
of disintegration i s  evi- 
dent from this one week 
test  (168 hours). Ma- 
ter ia l  i s  stiff before 
tes t  and no appreciable 
(Continued) 
KOH 
KOHSurface Concen- 
Tension t r  ation 
Mater ials  Tested (dynes / cm)  (M) 
Expanded Nylon 105.6 12. 8 
Code 10, 65 - 1 Stabalized 
Exmet Corp. , 
Bridgeport, Conn. 
(Continued) 
Expanded Teflon 
Exmet Corp. 
Bridgeport, Conn. 
E P T  Sheet Compound 69, 5 
EP-47,  Sulfur-free 
Philpott Rubber Co. 
E P T  Sheet Compound 109. 8 
EP-47. Retested af ter  
washing, drying, and 
degreasing 
Weight 
Change 
( 7 0 )  Comments 
-1. 61 change in physical 
propert ies  i s  detec- 
table. Material  did 
shr ink% 1270 ac ross  
width and s t re tch  
"470 along length, but 
it i s  possible to s t retch 
ma te r i a l  back to ap- 
proximate original 
size. KOH clear .  An 
extended t ime tes t  i s  
probably necessary  to 
show effect of KOH 
upon this mater ial .  
-0. 28 Mater ial  m o r e  pliable 
than nylon. Material  
did shrink 2.3070 ac ross  
width and stretch-470 
along length, but i t  i s  
possible to s t re tch  
back to approximate 
original size. No ob- 
vious physical changes. 
KOH clear.  No disin- 
tegration of this ma te -  
r i a l  has  as  yet been ob- 
served  in any cel lpost-  
mortems.  
+O. 55 Original whitish ap- 
pearance Thyaran no 
longer evident after 
test .  Sample became 
slightly sticky. No 
other obvious physical 
changes. KOH yellow. 
-1. 62 This sample of p re -  
viously tested mate-  
r i a l  was washed with 
Alconox, dr ied,  washed 
with Freon,  dried and 
retested. Only notable 
change was that the 
surface tension of the 
KOH was not lowered 
a s  in the previous test. 
(Continued) 
KOH 
KOHSurface Concen- 
Tension tration 
Mater ials  Tested (dynes / cm)  (M) 
E P T  Sheet Compound 199. 8 14. 0 
EP-47. Retested af ter  
washing, drying, and 
degr  easing. 
(Continued) 
Sulfur-free EPT "0" 
Rings 
U. S, I. Chemicals Co. , No. 
6115 Cross  Link Polyethylene 
Molded by "Scott Molders" 
Kent, Ohio 
U. S. I. Chemicals Co, No, 
63 12 Cross  Link Polyethylene 
Molded by "Kent Molded Plas t ics ,  
Inc. "Kent, Ohio 
Zytel 101 Nylon 
DuPont 
Zytel 
DuPont 
Weight 
Change 
( % I  
-1. 62  
1 week 
-0. 15 
9 weeks 
-1.37 
1 week 
-0. 15 
9 weeks 
-3.39 
Comments 
Physical propert ies  
of mater ia l  remained 
unchanged. Slight 
st ickiness s t i l l  evident. 
KOH clear .  
No 0-bvious physic a1 
change's. KOH clear .  
Presoaking in KOH 
would probably el imi-  
nate this effect on s u r  - 
face tension. 
This mate  r ia l  original- 
ly is a rubbery black 
open s t ruc ture  contain- 
ing staggered 112 is; 
and 3 /  1 6 in. holes with 
'"1 / 16 i n .  ma te r i a l  be- 
tween holes. Mater ial  
became slightly gray  
in color and stiffened 
slightly. No other 
obvious physical changes. 
This mater ia l  i s  or igi-  
nally a rubbery black 
solid s t ruc ture  with 
1 / 16" r ibs  placed a t  
3 / 8" spacing ac ross  
sheet. The only physi- 
ca l  change noted h e r e  
was a very slight em-  
brit t lement of sample. 
Slight yellowing 
Yellow spots on non-. - 
submerged end. Slight 
etching of surface,  
Slight yellowing 
Yellow spots. Heavily 
etched. Soft. 
(Continued) 
KOFI 
KOH Surface Concev- Weight 
Tension tration Change 
Materials (dynes / cm)  (M! yo Comments 
Phenoxy A 97. 3 13. 9 +2.10 Physical appearance 
from clear transparent 
to translucent whitish 
sheet.- Lost strength, 
became britt le,  tore 
easily. Thickness in- 
crease  "2570. KOH 
clear.  Unacceptable. 
Polypropylene Woven 104, 2 
Screen (Larnports- 7700) 
Panelyte No. 164 
Polyisopr ene Diaphr agrn 71. 0 
AiResearch Division, 
Garret t  Corp. 
Polypropylene W o ~ d  
Hypalon Diaphragm 
AiResearch Division 
Garre t t  Corp, 
13. 7 -0.41 Appearance from a 
white opaque to yellow 
opaque. Lost strength, 
became britt le,  broke 
with slight pressure.  
Less than 112 sample 
below KOH surface, 
KOH clear.  Unacceptable 
14. 4 +O. 68 Lost smooth green 
laquer coating leaving 
rough tan woven struc-  
tur  e, Swelling : "~20% 
(edges)- x-87~(center), 
Edges powdery;KOH 
clear.  Unacceptable. 
12. 9 -4. 4 Material became soft 
and tacky, Lost physi- 
ca l  strength. Negligible 
thickness change. KOH 
clear.  Unacceptable. 
4 weeks Slight yellowing of color. 
- 1 .  9 Shrinkage 570. Material 
maintained its strength 
and stability. No other 
obvious physical changes. 
12. 7 -0,53 Material became stiff 
and lost  much of its 
elasticity. Color changed 
from light blue to light 
green. No thickness 
change. KOH clear.  
Unacceptable. 
(Continued) 
KOH 
KOH Surface Concen- Weight 
Tens ion t r  ation Change 
Mater ials  (dynes / c m )  (MI ( % )  Comments 
Polyurethane Diaphragm 41. 6 13. 1 -40.4 Lost  physical strength 
AiRes ea rch  Division and could be easily 
Garre t t  Corp. pulled apart. Thickness 
decreased f rom 30 to 
8070. Note low KOH 
surface tension. KOH 
slightly yellow. Unac - 
ceptable. 
Premixed Epoxy (Short 55. 3 
Glass Fill) Flex Bar 
X7050 
U. S. Polymeric  
Epoxy No. 19: Jones - 
Darney 5 10 1 and Shell 
87 1 with Z Hardener 
SiPastic RTV 73 2 
(Silicone Rubber) 
Dow Corning Corp. 
Delrin (Acetal Resin 
P las t ic )  
Mfgr : E. I. duPont 
Five different types of 
ma te r i a l  tested. 
DYNEL Cloth 
Kendall DY N E L  Wool 
No. H479-A 
+O. 89 Physical appearance 
changed f rom a black 
to gray color. KOH ad- 
hered  to surface and 
was not washed off dur -  
ing normal  washing p ro -  
cedure. Material  became 
soft and flaked off easily. 
KOH clear .  Unacceptable 
+15. 34 Material  became very 
brit t le and broke easily. 
Some internal cracking 
occurred during test. 
KOH clear .  Unacceptalde 
-46.07 T i n y p i n h o l e s w e r e f o r -  
med in mater ia l  and one 
edge became very thin. 
Very easily torn apart .  
KOH clear .  UnacceptaNe 
Mater ial  disintegrated. 
KOH yellow. 
Unacceptable. 
4 week Originally a c r e a m  color 
t e s t  canvas -like fabric. 
Turned dark brown, dis - 
integrated in pa r t ,  and 
remaining fabric be - 
came  very weak. Unac- 
c eptable. 
4 week Original white wool m a -  
t e s t  t e r i a l  changed to a 
brown compact ball. 
Some disintegrated and 
remainder  easily torn 
apart .  Unacceptable. 
SECTION IV 
4.0 CONCLUSIONS AND RECOMMENDATIONS 
Based upon the factual data presented in Section 3. 0 of this report ,  
the following conclusions a r e  warranted: 
a )  Initial performance levels of 0. 88 to 0. 90 volt a r e  obtainable 
at 200 ASF in cells operating in circulating 14 N KOH at 90 to 100" C and 
15 psia using either Union Carbide T- 2 anodes or  American Cyanamid LAB-40 
anodes coupled with LAB-40 cathodes. Voltage degradation rates  of less  than 
20 mv/500 hours were experienced in many of these same cells. 
b) Increasing the operating p ressure  from 15 to 30 psia results 
in about a 30 mv increase in cell potential. Although the data i s  inconclusive, 
there appears to be an effective increase in lifetirr~e at the higher operating 
pressure.  
c )  Based upon a cut-off potential of 0. 78 volt, the maximum life- 
time achieved during continuous operation a t  200 ASF was 2720 hours. 
d) Delamination of the wet-proofed backing layer from the LAB-40 
electrodes was a recurrent  problem throughout the course of the contract. The 
C -11 backing modification (material  and fabrication) tested near the end of the 
program zppeared to solve this problem. 
e )  The optimum cell  construction evolved included the following 
features:  
(1 ) Polysulfone structural materials ;  
(2) Silver current  collection tabs welded to the electrodes; 
( 3 )  Horizontal serpentine KOH separator; 
(4) Expanded polysulfone mesh gas separators;  
(5) Use of pre-machined rather than water soluble ports and 
orifices, 
The optimum adhesive or  potting epoxy for cell  fabrication was not established, 
f )  In cells which were water-washed as  an essential par t  of the 
fabrication operation, anomalous blow - through of hydrogen into the electrolyte 
was generally observed. Manifestation of Chis anomalous blow-through was 
bubbling of hydrogen gas into the electrolyte even though the electrolyte pressure  
was higher than the Hz pressure.  Other investigators have observed a similar 
transport phenomenon with highly wet-proofedporous structures.  
g) The major unsolved problem during this program was leakage 
of electrolyte into the gas spaces. In many cases i t  was impossible to deter- 
mine whether the leakage came directly through the active portion of the elec- 
trodes or through the electrode edge seals.  Leakage was, generally, more  
prevalent on the cathode side of the cells. Although construction improvements 
such as  welded tabs, alternate epoxy adhesives, and alternate potting procedures 
minimized the problem, the leakage was not eliminated. 
h )  Excellent performance was obtained from cells operating on 
simulated sys tem duty cycle entailing 124 ASF (840/0), 63 ASF (970) and 200 ASF 
(77'0) cyclic loads. 
i) Successful operation of "flight-size" cells containing 1. 3 ft2 
active electrode a r ea  (sub-divided into four anode-cathode pa i r s )  a t  15 and 
30 psia and 200 ASF established the feasibility of extrapolating the construction 
and testing work on 118 ft2 cells to multi-cell prototype stacks. 
j)  Prel iminary studies on a T-3N cathode a s  a means of reducing 
or  eliminating cathode wkepage were promising in that 1 ) half -cell potentials 
in the same range a s  the LAB-40 cathodes were obtained in 2 cm2 cells and 
2) weepage in short-duration tests was extremely low. Considerable additional 
experimental work would be required to bring the T-3N cathode to the same state 
of development as  the other electrodes emphasized in this program. 
Since the major unsolved problem encountered during the perfor - 
mance of Contract NAS3-9430 was electrolyte weepage into the gas spaces and 
since the TP3N electrode concept offers considerable promise of solving this 
problem, we would recommend that additional work be undertaken to conclusively 
demonstrate the virtue of this concept in high performance electrodes suitable for 
NASA missions. Upon successful demonstration, the concept could then logically 
be extended to T-3N anodes as  well. This electrode development work should 
be supplemented by a companion cell fabrication program designed to select the 
optimum adhesive s r  potting resin.for leak-tight cells with a 3000 hour operational 
capability. 
APPENDIX 
Individual Ce l l  Pe r fo rmance  Curves 
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